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I. Discussion of Research Progress

A. Short Wavelength Production

S _ A basic and long-standing problem in the field of coherent sources is

that associated with the generation of coherent energy in the extreme ultra-

violet and soft x-ray regions. During the last three years, picosecond rare

gas halogen (RGH) excimer laser technology, on account of the very favorable

scaling relationships governing the spectral brightness of these sources, has

emerged as a key factor in new techniques useful for generation of coherent

radiation below 100 nm. In the program discussed in this report, which has
explored the research topics listed in Aipendix-,A the operation of RGH sys-

tems will be extended down into the femtosecond region, a development tnat

will enable sources with Peak -towers P 4n the iTW <'? <> !OTW range to be used

in physical studies. Light sources of this kind should permit the generation

of focal intensities above - 1026 W/cm 2 . /

Recent research findings1 lead to the conclusion that the direct multi-,

photon excitation of appropriate amplifying media with hign sectra2 bright-

ness ultraviolet sources is the most promising -choice for the generation of

short wavelength radiation in the kilovolt range. In addition to satisfying

the demanding energy density requirements generally called for to create

amplification in the x-ray range, this method of excitation utilizes the

coherence obtainable from RGiH sources to enhance the coupling strength and

provide seiecti-ity in the energy flow2e , 3. No alternative method under stude

has this featrvre. -he application of this tecnnicue to tne x-ray region

* :-ec:-e+s an e::te.C-ed stud, of the basic cnaracter o'.. orcer no - .. ear

processes 4n tne u-itraviolet in an intensity range corres-Doncung to ra(-iat:ng

f-e-d-c stren(>-,... -- (;reaiter than an atomic linit (e/a2). Tnis class of .-,-(_.
0

mechanisms, which, under aopropriate conditions, applears to :nvo..

°" . *. . . .. . r .*o* -. ..
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ordered electronic motions in the atom, has been recently shown to exhibit

surprising characteristics. These features suggest that entirely new

approaches for the efficient production of x-rays are feasible.

Our work involves a program of activities, involving both experimental

and theoretical components, to explore the physical processes relevant to

the basic question of coherent x-ray production. This includes measurements

of ions 4 ,5 , electrons6 , and photons5 in addition to a theoretical effort con-

centrating on the character of high order multiquantum coupling in the inten-

sity regime above 1017 WcM2 . In addition, attention is given to closely rel-

ated issues involving the spectroscopy of multiply excited atomic states and

the properties of electron collisions. Detailed discussions on the relevant

technical issues are contained in Appendices B - G.

We believe that the results of these basic measurements will provide

important information on the properties of inner-shell systems useful for

high energy x-ray production. A three-year program of research is en'7:saged,

the principal goal of whicn is the development of an x-ray laser in tne kiio-

volt range. If the program of studies described in this document is success-

ful and develops along the expected lines, tne feasibility of laboratory

scale coherent sources in the x-ray range wil be established and a demons-

tration model will have been constructed and placed in operation. It is also

anticipated that such a device will prove to be compact, rugged, and moderate

in cost.

B. Application of Short Wavelength Radiation
to Solid State Surface Studies

Short wa-,eaength radiation has many uses for physical studies of con-

densed matter. One such measurement involves pnotoemission from surfaces.

In order to test these concepts, a photoemission experiment has been per-

formed on a Ga-z surface.

a!- e-
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The overall experiment is shown in Fig. (1). Two wavelengths were used;

193 nm radiation from an Ar* source7 and 150 nm radiation from a Hz laser.8

Both sources had pulse lengths of - 10 ps. The details of the electron ana-

lyzer are shown in Fig. (2).

The recorded electron time-of-flight distributions are shown for irradi-

ation at 193 nm and 150 nm wavelengths in Fig. (3) and Fig. (4), respectively.

As expected, the electrons produced at 150 nm have higher velocities than

those generated at 193 nm. These studies demonstrate the feasibility of

such surface studies with the short wavelength radiation that can be gener-

ated with picosecond pulse rare gas halogen laser systems.

.° .1
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II. Conclusions -"- '

Experimental results obtained over the last several years demonstrate

that bright tunable coherent radiation in the 10 nm to 100 nm spectral range

can be generated with the use of high spectral brightness (RGH) laser sys-

tems. Strong evidence, consisting primarily of the known scaling properties PIUJ

of RGH systems, the discovery of anomalous nonlinear radiative coupling to

certain heavy materials, and the availability of an atomic mechanism for

selective inner-she-l] excitation, supports the conclusion that these results

can be extended to the kilovolt spectral region. Elementary considerations

'ed to the conclusion several years ago that peak powers in excess of 1012 W

can be generated with relatively modest scale RGH systems of special hign

brfghtness design. The presently available femtosecond pulse technology,

whicn is clearly applicable to the ultraviolet region, rigorously underlines

this view and appears to make peak powers near 10 TW feasible. With instru-

mentation of tnat kind, a program of basic pnysica.1 stucies can be performed

into an intensIty range exceeding 1020 W/cm2. At s-c" an intensity, t,e peak"

elecrac: fielm of zne coherent drivinr wave eo p_-oac-es the unprecedented

value of - 100 e/a 2 . In such an extreme environment, which :s impossible to

generate by any other Known means, it is likely tnat physica processes never .

previously observed will be detected.

At energy densities of tne scale statec aboove, an atom experiences a

violent nertirbation that has imniortant features in common with certain we-]

studied coo nsonai phenomena such as ion-atom COllisions,9 ,10 electron-ion

coliisions, .nd oeam-foil interactions. n tne case of oeam-foU_.

co -os ~r~:eenvironmnent at an in-r.e n s It -.- f 3 (.t W/c ata

ultraviolet wiae-,engt " aoroximates, in several imortant respects, tne

. . . .4 .. ... o t.,re p c s h
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conditions associated with the passage of an argon ion through a carbon foil

with a kinetic energy of - 1 GeV. This rough similarity leads to the consi-

deration of the concept 1 of an "optical solid" in which stationary atoms in

a sufficiently intense radiative field will experience an interaction compar-

able to that of energetic ions traversing solid matter. A natural expecta-

tion is an extreme level of excitation. In addition, the coherence of the

radiative environment is expected to introduce a measure of control on the

energy transfer that will markedly increase the efficiency of energy flow

over that normaiy characteristic of incoherent means of excitation.

Tne work outlined in this reoort has as its goal the development of an

m-ra,- _ aser in the kilovolt range. If t1his program is successflW. te f-- """

bility of laboratory scale coherent sources in the x-ray range will be esta-

;- b:shed. Furthermore, in this event, we believe that the concepts we are

exploring have the clear potential of being engineered into compact and

rugged devices. This achievement will, perforce, serve an immense range of

appIications involvinfl. the micro-characterization of condensed matter, and

may be as influential Jn our future understanding of the natu-ral world as the

discovery of the light microscope was in its day- three hundred years ago.

o.....-... U .............. .......... ...............
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though several alternative approaches
are currently being evaluated, over the
last few years our work has centered on
the use of high-power ultraviolet lasers
to serve as the source of excitation and

Multiphoton Ionization of Atoms nonlinear radiative processes to provide
the needed physical coupling. In order to
evaluate whether this idea could work,

Charles K. Rhodes we began our study of multiple quantum
ionization.

A simple representation of the overall *

process is illustrated in Fg. I. Obvious-
The invention of the laser made possi- is little doubt that major areas of applica- ly, if Aw. is in the kilovolt range and if

ble the experimental study of the nonin- tion would include basic materials re- Aw represents an ultraviolet quantum,
ear interaction of radiation with matter. search, microelectronics, biology, and, processes with values of N exceeding
And, subsequently, over the last two indeed, any field that requires structural 100 must occur with appreciable proba-
decades, a considerable field of activity information of solid matter on an atomic bility in order for this mechanism to be
has developed around that basic prob- scale. Since the peak spectral brightness useful. Therefore, a single fundamental
iem, which can be represented generical- of an x-ray laser is expected to be on the question emerges: What are the basic
ly by the process order of one trillion times greater than physical principles that establish the lim-

any alternative means, it would be an it on N?
Nt + X - * (I) ideal source of radiation for these pur- When we began to study this question,

in which N photons lead to the excitation poses. At the same time, it is undisputed no relevant experimental data on this
of a target atom or molecule X. For that matter, under appropriate condi- matter existed. This was particularly ' -

generality, the excited product X* can tions, can provide the amplification in true for radiative field strengths (E) in
denote either bound or continuum mo- the x-ray range (Aw - 103 to 10' eV) the vicinity of an atomic unit, elao2,
tions of the constituent particles. This __-_
article will deal with certain recent find-
ings concerning multiphoton ionization. Summrty. Studies of multiphoton ionization of atoms have revealed several
The context of this physical study, how- unexpected characteristics. The confluence of the experimental evidence leads to the
ever, relates directly to another problem hypothesis that the basic character of the atomic response involves highly organized.
of general fundamental significance and coherent motions of entire atomic shells. The important regime, for which the radiative
one that has had an important influence field strength is greater than an atomic unit (elai), can be viewed in approximate
on the direction and purpose of work at correspondence with the physics of fast (approxmately 10 MeV per atomic mass unit)
the University of Illinois at Chicago. atom-atom scattering. This physical picture provides a basis for the expectation that
That problem concerns the development stimulated emission in the x-ray range can be produced by direct, highly nonlinear
of a laser at x-ray wavelengths, a long- coupling of ultraviolet radiation to atoms.
sought goal.

Historically, the initial discussions of
coherent generation in the x-ray range that is necessary to construct a coherent where ao is the smallest Bohr radius.
(1) and nonlinear atomic emission (2) and source. However, the achievement of Extant theoretical work, however, pre-
absorption (3) all appeared more than 20 those suitable conditions has proven to dicted ridiculously low rates for high-
years ago in entirely independent cir- be a formidable task. order processes and, if believed, would
cumstances. Recently, however, these The difficulty in generating amplifica- automatically lead to the conclusion that
two areas of inquiry have become tion at a quantum energy of I keV is any proposal to utilize a mechanism,
strongly linked, and it now appears that apparent from the general requirement, such as that shown in Fig. I, is prepos-
the achievement of the former may de- established by basic physical reasoning, terous. These earlier theories, however,
pend, at least in one possible representa- that extraordinarily high specific power were based on rather restrictive assump-
tion, on certain basic properties of the densities, on the order of 10" Wlcm3 or tions concerning the basic nature of the ,

- latter. greater, be applied in a carefully con- electronic motions governing the nonlin-
" The significance of the x-ray laser goal troBed way (1, 5). How can these neces- ear amplitudes. On the other hand, sev- ,

is easily stated. A spectrally bright sary conditions best be produced? It is eral years ago I found it possible to
source of radiation in the x-ray region generally understood (1. 5) that a high construct a class of high-order prcss-
would be unsurpassed (4) in-its ability to effective brightness source of excitation es, involving certain types of atomic

. microvisualize condensed matter. There and an appropriate physical coupling motions, in which the rates would be
mechanism are the key requirements for enormously enhanced. Are such motions

TheM or is inthe dDqtm of Ph-c, U- the successful creation of the conditions possible? I now believe that the method
- NOW. for amplification in the x-ray range. AI- used to calculate those original estimates
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was i many ways incorrect, although _ Ewuv -19- (13). This unexpected result, of course.
the c6hclusion derived may not be. In stimulated further studies.
any case, the basic question had been In experiments to determine the role
raised and resolution of the issue could of atomic structure on the coupling ...
only come from experiment, mechanism, the ionic spectra of several . .

dements from He (Z = 2) to U (Z = 92)
were studied (6-9). A typical ionic spec- P -

irwimeal Studies trum for Xe, produced by 193-nm radia-
tion at an intensity of about 1011 Wlcm2

Basicaly, there are three categories of with pulses ofabout 5 psec in duration. is
fundamental physical measurementI illustaned in Fi. 4. ofe presence of all

founded respectively on the spectros- 1 -- 0 charge states up to Xel , the first five of
copy of (i) ions, (ii) elections, or (iii) which have approximately comparable
photons, that can be used to unravel the abundances, is immediately noted. An
nature of the physical processes in- overall summary of the ionic species
volved in the nonlinear interactions un- registered in the survey of the atomic
der study. In our work we have used ion *UM number dependence is presented in Fig.
charge-state spectra, photoelectron en- ,tato 5. Here, the maximum observed energy
ergy spectra, and the properties of scat- Fig. I. Simple representation of an atomic transfers are on a scale of several hun-
tered radiation. Among these, the mea- multaquantum process involving the absoP- dred electron volts for certain heavy
surme~t of ion charge-state spectra un- tion of N ultraviolet quanta (16) to produce m .

an appropriae upper state X* that is invdrtedder collision-free conditions provides a with respect to ution in lowerlevel of the salient features of the datasimple. unambiguous experimental test x, Since a kilovolt energy scale is assumned is the apparent influence of atomic shell
that gives direct information on the scale for a,,, N 0 I and r nd X, will generally structure (6) on the observed ion spectra.
of the energy-transfer rate between the lie far above the ionization energ of the This dependence is manifested promi-
radiation field and the atom. Therefore, neutral atomic ound-stae system X. nently in the behavior of the heaxier rare
as a first step, such experiments were gases. For Ar, Kr, and Xe, the maximum
performed. The results of these initial that technical advances in femtosecond charge states observed correspond to the
studies were surprising, for it was from ultraviolet laser technology should en- complete removal of certain outer atom-
measurements (6, 7) of this kind that the able peak intensities, for coherent ener- ic subshells. Indeed, for these materials
first suggestions of an anomalously gy, to be produced in the range of 10 to they are the 3p, the 4p, and both the s
strong coupling for high-order processes 1021 W/cm2 . This would represent a radi- and 5p shells, respectively.
(N - 100) were obtained. ation field amplitude of about 100 E and, The hint provided by the role of the

The general class of physical process- in terms of energy density, would be shell structure led to the hypothesis that
es studied in those experiments examin- equivalent to that produced by a black- it was mainly the number of electrons in
ing ion charge-state spectra (X9*) was body with a temperature close to 10 keV, the outer subshells that governed the

which is an environment characteristic coupling. A measurement of the re-
N-y + X-- v + q- (2) of thermonuclear sources. Although all sponse of elements in the lanthanide

Some of the apparatus used in the work the experiments to date have been con- region, with the use of a method involv-
described below is illustrated in Fig. 2, ducted in the range of Es ,E, consid- ing laser-induced evaporation (14) to
which shows the 193-nm ultraviolet laser erable attention in the discussion below provide the material, enabled this view
system, the time-of-flight ion spectrome- will be given to this interesting and in!- to be checked. From La (Z = 57) to Yb
ter, and the time-of-flight electron ana- portant regime for which E ,. (Z = 70) in the lanthanide series, aside . .'.
lyzer. Available ultraviolet laser technol- A prominent feature of the studies of from slight rearrangements (15) involv-
ogy makes the performance of such stud- the ion-charge spectra was the unusually ing the 5d shell for Gd (Z - 64). 4 -,-

ies convenient, since extraordinarily strong nonlinear coupling characteristic electrons are being added to interior re- -"
high brightness and, therefore, unusually of certain heavy materials (6-9), a fea- gions (16) of the atoms. The data illus-
lrge focused intensities are possible ture that was apparent even at intensities trated in Fig. 5 for Eu (4f'6s') and Yb
with these laser sources. Initially, stud- in the vicinity of 1014 Wlcm2. These (4?6s2), which differ by seven 4f elec-
ies (6) of the process represented by Eq. experiments clearly demonstrated that trons, indicate that these inner electrons
2, a subclass of the general reaction in standard theoretical techniques were in- play a small role in the direct radiative
Eq. 1, were conducted with 193-nm radi- capable, by a discrepancy as great as coupling, a fact that is in rapport with the
ation at an intensity of approximately several orders of magnitude, of describ- observed dependence on the outer-shell
1014 W/cm

2. ing the observed charge-state spectra. A structure.
Figure 3 illustrates the range of inten- resemblance was perceived between the The intensity dependence of these ion

sity that has been explored over the past observed ion charge-state spectra and spectra was also examined (5. 9). Over
2 years along with a projection of the those known to be characteristic of Au- the range of intensities studied (- 1015 to
experimental regime that should become ger cascades (7-10). In addition, subse- 10°7 Wlcm2), higher intensity generaly
aval ove a comparable period in the quent work by us, as wel as other stud- translated into am increased yield of ions
future. Currently, peak intensities in the ies (11, 12) conducted at wavelengths of of a particular charge, although no nec-
rage of 106 to 10"7 W/cm2 can be pro- 1.06 and 0.53 I&m, confirmed the anoma- essarily an increase in the maximum
duced with pulses having a duration of a bous nature of the coupling strength. charge state observed. For example, the
few picoseconds at a wavelength of 193 There was no doubt that the findings of ion Xe° , with closed-shell grond-state
sm. At this intensity, the electric field Ee these experiments were clearly in con- (17) configuration 4d, was the greatest
is comparable to an atomic unit. Further- tradiction to all theoretical treatments, of charge state detected at approximately
more, as shown in Fig. 3, it is believed which there is a considerable number 10t W/cm2 and. although its abundance
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incieascd at about 1017 W/cm 2. no Xe9 . continuum lines, new sharp photoelec- cesses. is shown in higher resolution in
appeared at the higher intensity. This Cron features appear in the range from 8 Fig. 7.
observation has led to the interpretation to 22 eV at an intensity of about 10" Finally, further experimental evidence
that the 5p and Ss electrons in Xe are the W/cm2 . These lines have been assigned bearing on the mechanism of coupling is
ones that govern the direct coupling of to N4,00 Auger lines after excitation of present in the characteristics of certain
the atom to the ultraviolet radiation field, the 4d inner shell. The most prominent stimulated emission spectra that have

It was also possible to obtain informa- lines are those associated with N4,0,01 been observed in Kr (23). In this case.
tion on the frequency dependence of the transitions, which terminate in the the states believed to be involved are
coupling by comparing the results at 193 4d'05s5p6 double-hole state. This identi- those having multiple excitations and
nm (8) with studies performed indepen- fication is predicated on the observation inner-shell excitations (24) in closely
dently at 1.06 and 0.52 Azm (12). This that their relative spacing, number, and, coupled subshells, such as 4s4p 6n and
comparison, which was conducted for an to a somewhat lesser extent, relative 4s24p4nln'1'. As discussed below, this
intensity of about 1014 W/cm' for both intensities fit well to values previously class of levels is of exactly the type
Kr and Xe, indicated that the energy reported (20) for such Auger transitions. expected to be strongly excited if certain
transfer rate was reduced at the longer Moreover, a total of eight electron lines highly organized atomic motions, which
wavelengths, is observed, representing a quartet of are consistent with both the ion charge-

Overall, the ion studies showed (i) pairs of transitions, all of which exhibit state and photoelectron spectra, are
anomalously strong nonlinear coupling the known (20) 4d2 to 4d5/2 splitting in driven by the radiation field.
for certain heavy materials, (ii) an unmis- Xe of approximately 2 eV.
takabme signature of atomic shell effects, The general trend (21, 22) of the elec-
and (iii) that energy transfer rates were tron spectrum for Xe as a function of Mechanism of Coupling
generally greater at shorter wavelengths intensity is illustrated in Fig. 6. The
of irradiation. Moreover, the experimen- appearance of a group of lines at an We are now in a position to interprettal evidence strongly suggested, at least intensity of about 10'5 W/cm 2 is attribut- the experimental findings in terms of a
in a first approximation, that the greater ed to Auger decay of 4d vacancies in the specific, although highly speculative,
the number of electrons in the outer atom. This spectral region (18), which is model for the atomic response. The main
shell, as designated solely by the princi- believed to represent N4500 Auger pro- purpose of the description given below is
pal quantum number, the greater the
strength of the nonlinear coupling (6-9).

Since it is expected that the measure-
ment of photoelectron energy distribu-
tions could provide valuable information Fig. 2. Experimental ap-
on the detailed nature of the electronic paratus used in the stud-
motions occurring in reactions such as - ies of multiphoton ioniza-
that shown in Eq. 2, experiments of that t (ion at the University of
type, performed under collision-free llinois at Chicago. (a)

Output amplifier (left) ofconditions, have been conducted (18). the gigawatt 193-nm pico-
This expectation, indeed, appears to be second laser system; (b)
borne out. For example, substantial dif- ion time-of-flight spec-
ferences in the electron distributions trometer; and (c) electron
produced by Ar and Kr were seen even tmeof-flight spectrome-
though the ion spectra for these materi- tr

als are similar and show that the outer p
shell is completely stripped in both cases
(8, 9).

The most significant results now avail-
able, however, appear in connection
with the behavior of Xe. Indeed, in con-
trast to Ar and Kr, the Xe electron
energy spectrum exhibits a dramatic
change with increasing intensity of the
193-nm radiation in the range of 10 i4 to
1013 W/cm 2. The first ionization line,
which corresponds to two-photon ab-
sorption with an attendant photoelectron
energy of 0.7 eV, nearly disappears.
while the three-photon process, arising
from continuum-continuum transitions
(19), becomes dominant. Furthermore,
the final-state distribution of the ions
generated for the three-quantum process
has approximately 80 percent in the ex-
cited 5s25ps 2P,,7 state, with the remain-
ing 20 percent in the 5s2Sp 2P2,3 ground-
level state.

In addition to the ladder of continuum-
27 SEPTE.MER 1"1 1347
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Fig. 3. Representation of pres- tion by the radizive field, and a remain-
ent and possible future ranges ing atomic core (b) for which direct cou-

In-- E :"001 ablen itf hitk ultra- piing to the radiation field is neglectedloction'  ""*'01 -EzE*,:-, (Fig 8).o Ibn thih pictur. coupin.be
blsckb~dy violet laser technology. Initial (Fig. 8). in this picture. coupling be-

K o observationofanomalouspr- tween these two systems can occur.
CeSses were glade at &Ptoxi- since the outer electrons could, through

P06616#6 tuor , Mindy I0"4 W/CM". Intensities inelastic "collisions," transfer energy toL .., .m. Icomparable to thermonuclear

.experimets, environments (10 Wcm)  the core. Simple estimates (9) indicate
appear to be possible with that. for intensities corresponding to an

o" W llot$ pulse lengths in the l0-fsec electric field E %- elaL, enormous oscil-
Intonaey(WCW range containing about I J Of lating atomic current densities j on the

enerIgy, scale of 1014 to 10 A/cm 2 could be

temporarily established in the outer re-
not to provide an exact definitive analy- configurations, consisting of doubly ex- gions of the atom. For ultraviolet radia-
sis, which now obviously is impossible, cited states, is known (25) to play an tion under these conditions, the eec-
but rather to furnish a framework for the important role in processes of single- trons in the outer atomic shell can be
process of physical reasoning that should quantum photoionization. With this in- accelerated to mean kinetic energies
reveal the true nature of these very non- terpretation, the results of our studies of considerably higher than 10 KeV, a val-
linear mechanisms. multiquantum ionization simply indicate ue far above their respective binding

F-rom an analysis of the data now at a nonlinear analog of this basic electron- energies (9). Furthermore, in the limit of
hand, which include information on the ic mechanism. high intensity, it is possible to formulate
dependencies on the atomic number Z In principle, the response of an atom an estimate of the coupling of the coher-
(64), the intensity, the frequency, and to a pulsed external field with an ampli- ently driven outer electrons with the
the polarization, the following hypothe- tude approaching an atomic unit. if cal- remaining atomic core by relatively sim-
sis has emerged as an approximate de- culated with full rigor in the framework pie procedures. This is now done at two
scription of the basic character of the of a time-dependent many-body theory, levels of approximation, initially with the
electronic motions involved in these pro- would present the possibility of a nearly neglect of the influence of the coherence * -

cesses. Overall, the data strongly indi- unbounded level of complication. There- characterizing the motion of the outer
cate that an organized motion of an en- fore, in order to advance our understand- electrons and, subsequently, with its in-
tire shell, or a major fraction thereof, is ing of this problem, we must find a clusion.
directly involved in the nonlinear cou- simpler approximate form of analysis. An estimate can now be furnished
piing. With this picture, the outer atomic An appropriately formulated treatment based simply on the magnitude of the
subshells are envisaged as being tran- that correctly represents the basic nature ambient current densityj. Since the elec-
siently driven in coherent oscillation by of electronic motions, however, should tron kinetic energies are considerably
the intense ultraviolet wave. With this be able to describe qualitatively the prin- higher than their corresponding binding
type of electronic motion, the observed cipal characteristics of the experimental energies, it is possible to use a first-order
increase in the multiphoton coupling observations. These include the basic Born approximation (26) in a manner
strength can be qualitatively related (8) coupling strength and resulting energy similar to that used to study electron
with the larger magnitude of the effective transfer rate, the shell effects, the origin collisions for K- and L-shell ionization
charge involved in the interaction. In of the strong nonlinearity, the frequency (27) and shell-specific ionization pro-
quantum mechanical language, an oscil- characteristics, and the ability to pro- cesses in highly charged ions (28). In-

lating shell would be represented by a duce atomic inner-shel excitation. deed, in the case of Xe ions, measured
wave function of a multiply excited con- In order to achieve that goal, we can cross sections for electron impact ioniza-
figuration. In this way, a multielectron contemplate a relatively simple model (8, tion are available (29).
atom undergoing a nonlinear interaction 9) that is valid at sufficiently high intensi- In this elementary classical picture (9),
responds in a fundamentally different ty. In this case, we imagine an atom the transition rate R can be written as
fashion from that of a single-electron composed of two parts: an outer shell of R (3)
counterpart. A class of multiply excited electrons (a) driven in coherent oscilla-

in which e is the electronic charge and

co, is the cross section characterizing the
ou'. excitation of the atomic core by inelastic

electron collisions arising from the cur-

"0 rent density j. If j ;E 1014 Alcm2 and11 10- 19 cm
2, then R a 6 x 10"i

A,'* - sec
- 1. Furthermore, if the radiatively

r ""driven current density j is damped by
I , f.-electron emission in a time T on the order

,4.. of about 10- 1 seconds, which is an
3 l",og - NO" approximate time scale characterizing

autoionization, then the overall transi-
a tion probability. P - R-r - 6 x 10-2 , in-

Fig. 4 (left). Collisio-free ion time-of-flight spectrum of Xe produced by 193-nm irradiation at dicating a significant probability of ener-
an intensity of about 10' Wlcm2 with pulses having a duration of about 5 psec.The distortion of gy transfer.
he chlre-state peaks is caused by the naturally occurrig isotopic distrbution of Xe. The The characterization of the outer-shell

charge states of the Xe" species observed are indicated. Fig. S (right). Data c ig e motion as a simple current density j."
multiple ionization of atoms produced by irradiation at 193 nm: plot of total ionization energies
of the observed charge states as a function of atomic number Z. The coincidence of an H20* however, does not take into account the "1
background signal prevented the 1 species from being positively .etilled, fact that the electronic motions are gen- j
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crated through interaction with a coher- Fig. 6. Overall time-
c ent wave. It is expected that the coher- o-flight photoclec-

ence associated with the motions of the Xr*o etloiateyfrom ppcroxmatr ey

irradiation will have important conse- certainty in the inte-
quences (30) for the coupling of energy saty scale i profi- *
to atomic inner shells that were ignored mazely a facto of 2.
in the simple estimate given above. "got N Irradiation was at 193

@ad th =pe i e i with a pulse dura-
influence of this type of coherent atomic tin of about 5 pace
motion is now described in relation adalens with focal
to certain properties (31) of energetic
(>10 MeVlamu) atom-atom collisions. m e m ie and

The role of coherence in the motion of ' Xe asing from two
the outer electrons in the excitation of 2 a te ,
the core is readily described in terms of " r cated e along with a

energetic atom-atom (A-B) collisions. In
this comparison (30). a correspondence oss o , , "  group tentativas y as-

. is established, as shown in Fig. 8, be- Electron or )s as Auger lea-
tween the scattering of the coherently
driven outer electrons (a) from the atom-
ic core. (b) and the respective interaction herently, and the contribution to the trons in outer atomic shells (a) can inter-

* of the electrons in the projectile atom A cross section cr . arising from the motion act with the remaining atomic core sys-
with the target atom B. Consider the of the electrons in atom A is increased by tern (b) in a manner closely analogous
process a factor of NA over that of a single to the atom-atom scattering described

A + B(O) -Z-% A + B*(n) (4) electron at the same collision velocity v. above. If a PWBA description is used,
Equivalently, for sufficiently low mo- the cross section representing energy

in whivh A is a ground-state neutral atom mentum transfer such that Ka -4 h, the transfer can be written by inspection
with atomic number ZA and B*(n) repre- electron cloud acts as a coherent scatter- from Eq. 5 with ZA = 0. The basic physi-

sents an electronically excited configura- ing center with a mass NAmO, a charge cal concepts are simply represented in

tion of the target system with quantum NAe = ZAe , a velocity v, and a kinetic the high field limit (E l elan4, a regime in
numbets collectively represented by (n). energy NA(lI2 mv 1 ). Significantly, be- which the driven electronic velocities
In the plane-wave Born approximation cause of the coherence, the single-parti- correspond approximately to those char-
(PWBA), the cross section va0 can be cle energies (112 rav2) add so that, in acteristic of atom-atom collisions at a
written in the form presented by Briggs principle, this value could be below the collision energy of approximately 10 Me-

and Taulbjerg (31) as magnitude required to produce the exci- V/amu. Therefore, the motion of these 1
* 8ire4  tation of the target atom B. electrons can simulate the electronic col-

In sufficiently high field strengths, it lisional environment that would occur inV, appears that coherently accelerated clec- fast atom-atom encounters but with the

1 4 (K)1' (IZA - j wi < -I
"" >-12 dK

exp(,- KSA)I4d >1 3- (5) M o01 0 *v
0.9e

"" in which

Eao(K) f d44Dpr,)exp(iK .
Fig. 7. Prominent transitions(6) observed in the electron sp- N400 1  0.

In Eqs. 5 and 6, e is the electron charge; tUm df Xe ira diated at 193

ZA is the atomic number of the projectile Wcm . Both continuum-co 0S
atom; v is the relative atom-atom veloci- tinuum (4-y - Xez, Xe) and

- ty; +j are orthonormal spin orbitals rep- tentatively assigned Auger X. V P*
resenting the electrons on the projectile (N4.O) features are apparent.

atom ith patia coodinae sA;WJ i the The splittizp between the three 32124N,-Ns pairs. two of which are FA.
- statistical weight of the shell; K is the shown by horizontal arrows,

momentum transfer in the collision; and have the common value of NO,O.s NsOOs.. 12
-" and *.& represent the electron wave ibout 2 eV, which is the known

functions of the target system as a runC- 4d to 4d1 seption in Xe. N40 10 0  0.8"Urtia arw inTdicat]Je the I, NOQ.

tion of the spatial variable r9 . The sum- Thenerly a indicte th
high-energy edges of the oh-

marion over the index j appearing in Eq. served features that reent
5 extends over all occupied orbitals so the true encrcs of the lines.
that, in the limit K --a 0. the summation
tends to the number of electrons NA
associated with the projectile atom (31).
In the low-momentum transfer limit, in
which complete screening occurs, the 20 18 16 14 12 10

amplitudes of the electrons combine co- Electron energy (eV)

. 7 "
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inlpormat absence of the nuclear contri- Ato A Atom a agreement with this conclusion because,
bution arising from the ZA term in Eq. 5. / as shown by the ion charge-state studies

In order to see how this mechanism described above, the observed energy
would scale with the basic physical pa- transfer rates for infrared and visible

rameters involved, we can now estimate radiation were reduced with respect to A.
the contribution of ea. for inner-shell those characteristic of the ultraviolet
excitation arising from coherently excit- range.
ed atomic shells. For this, Eq. 5 is taken - This simple model can also be used to

" with ZA ' 0 and Ka. restricted to estimate the threshold condition for 4d
;A/ao to fulfill the condition for com- Outer shell (a) vacancy production in Xe. Although

- plete shielding. Further, Z, can be taken these initial results (18) do not constitute
* to denote the number of electrons in the a proof of the mechanism involved, it is

outer shells and Eq. 6 expanded for simply observed that energy transfer
4U(K) in the customary fashion, so that Core (b) from coherently driven valence-shell
only the leading dipole term xe, is re- electrons could produce such inner-shell
tained. Finally, for a core excitation en- excitation. Furthermore, with the model
ergy AE we put Ki -, AE'Jv. which is presented above, along with consider-
the condition that holds for AE much less ation of the known (29) inelastic electron
than the collision energy. With these scattering cross sections for Xe ions, an
modifications the full coherent piece cr, estimate can be made of the intensity at
can be written as which such Auger lines should appear.

Inelastic scattering studies (29) showA2Z Lqk (7) that the 4d excitation in Xe has a thresh-Vreu' K,-tA , old at about 67.6 eV that is closely
result that, with the exception of the Fig. 8. Approximate correspondence between followed by a broad maximum at about

restriction on ,. and the Z2 factor, is (top) A-B atom-tom collision at relative re- 100 eV. If the motion of the NA outer
exactly the for of the well-known result locty 1 and (bottom) coherent relative motion electrons in Xe is approximated as that
for inelastic sc Attering of electrons on of outer-shell electrons (a) with respect to of free electrons, the maximum electron-core (b). For simplicity, the electrons in the
atoms developed by Bethe (32). The final bottom haft of the figure am depicted as ic kinetic energy f can be written, in a
result, valid for undistorted, mutually displaced charge distri- form that reexpresses Eq. 12, as

(v) (acz) > ~butions moving with relative velocity v. The(.7 l0,X2(,-.o (L~)> 1 (8) nuclear charges of the projectile and target = (1.79 X 10-)k2 1 (1S)
C systems, ZA and Z,. respectively, are denoted with units of electron volts for e,

-'in the atom-atom collisions. wihuiso:lcrnvlsfrFis micrometers for X, and watts per square

centimeter for I. The 4d threshold at
u 82r(f Z241n_(V) lc ) sired kilovolt range. With the neglect of approximately 67.6 eV corresponds to an

relativistic corrections, the electron en- intensity I for single-electron motion of
(9) ergy can be expressed as about 1016 W/cm2, a value somewhat

in which a is the fine-structure constant. above that used in the actual experimen-
Obviously, all types of possible excit- I (12) -tal studies (18, 21) for photoelectron pro-

ed configurations cannot fully benefit with the quantity v representing the duction. However, if the picture of the
from this type of coherent motion, velocity of induced electronic motion. coherent motion is valid, the single-parti-

* regardless of the field strengths used. For a free electron, the maximum value cle energy can be reduced, for a fixed
- Indeed, the limitation can be estimated of v, commonly known as the quiver threshold requirement, by a factor of Z1,

from Eq. 8. At sufficiently high intensity velocity, is given by which is the number of electrons partici-
in the limit v --* c, the maximum value of pating in the coherent outer-shell mo-
" AE.. is given by v* = (13) tion. For Xe, previous ion studies (6, 8,

AE -m = 3.73 KeV (10) for afiel9), data from which are shown in Fig. 4,
for a field with angular frequency w (33). indicated that Z, - 8 is a reasonable

The physical picture presented above For stated values of E and #, that fulfill value, which is the total number of elec-
also enables a statement concerning the the assumptions of the model, a frequen- trons in the n = 5 shell (V25p). This
frequency of irrnadiation el to be formulat- cy scale generally characteristic of those reduces the threshold intensity for 4d %
ed. For the excitation of inner-shell physical conditions is now defined by vacancy production to approximately
states in the kilovolt range by the quasi- combination of Eqs. 11, 12, and 13. If we 1.2 x 10s Wicm2 , a value quite cose to
free coherently driven motion of outer- take E -,3F9 to satisfy Eq. II and that (-10sWlcml) corresponding to the
shell electrons, two basic assumptions e. - 103 eV as reasonable values, then experimental appearance of the electron ...

"% are involved. The first, as noted above, lin presumed to &rise from Auger de-
concerns the field strength E such that at(14) lay shown in Figs. 6 aued 7. de

% the condition(4 as nn .6d
which is a frequency that corresponds to

E / (lI) an ultraviolet wavelength of approxi- Canduslos

"bols, enabling the electrons to be re- mately 200 nm. With this result, we are
prded as approximately free. The sec- led to the conclusion that ultraviolet Basic physical studies of collision-free
Cad consideration involves the energy wavelengths naturally match the physi- nonlinear atomic processes, through an

- scale of the motion, a, which in this case cal conditions characteristic of the co- analysis involving combined measure-
, is taken to b: sufficiently great to excite herent atomic motions envisaged in this ments of ion charge-state distributions,

readily the inner-shell states in the de- description. Experimental results are in photoelectron energy spectra, and pho-

. . . - . . . -- , .. ,', . . - . .
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Atomic Inner-Shell Excitation Induced by Coherent Motion of Outer-Shell Electrons .

K. Boyer and C. K. Rhodes
Departmnent of Physis Uniwsity of Illinos at Chicago. Chicago. Illinois 60680

(Received 28 January 1915)

Outer-shell electrons coherently driven by intense radiation can transfer energy in a direct intra-
atomic process to inner-shell excations. Provided that the effective momentum transfer ,&q is suf-
ficiently low (Aq :U/ae). the amplitudes governing the coupling of the outer electrons to the
atomic core constructively sum. The effective cross section, which can be related to fast atom-atom
collisions ( Z 10 MeV/u), is evaluated in a limiting form closely resembling the Bethe result for
inelastic electron scattering from atoms.

PACS numbers: 32.80.-t, 34.SO.Fa, 34.80.-i

Recent experiments ' 2 examining the nature of mul- atom collisions. At sufficiently high intensity, a rela-
tiquantum ionization of atoms in intense ultraviolet tively simple physical model can be envisaged which il-
fields have exhibited several anomalous characteris- lustrates these effects. For simplicity, consider an in-
tics. Among them are (1) reactions of unexpectedly tensity above - 1019 W/cm2, for which the peak elec-
high order, involving as many as 99 photons, and (2) a tric field is more than ten times ela, so that loosely
clear statement, from the atomic-number dependence, bound outer electrons can be approximately modeled
that the shell structure of the atom is the main deter- as completely free particles. Therefore, for those elec-
manant of the strength of the interaction. All the con- trons, we can represent their motion as that of free
spicuous characteristics of the experimental findings electrons accelerating in intense coherent fields.4 s In
could be consolidated by that single principle. From this limiting case, we imagine that the atom is com-
the standpoint of this Letter, the main implication of posed of two parts: (a) an outer shell of electrons
these results2 is that, at a sufficiently high intensity, driven in coherent oscillation by the radiative field,
the electrons in the outer atomic shells can be and (b) a remaining atomic core for which direct
coherently driven by the incident wave to produce ex- coupling to the radiation field is neglected. Coupling
trer.ely high localized current densities j on the order between these two systems can occur, since the outer
of 1014 j _ 105 A/cm2. A multielectron atom un- electrons can, through inelastic "collisions," lead to
dergoing a nonlinear interaction of this type responds the production of electronically excited core states.
in a fundamentaly different fashion from that of a Indeed, since the outer electrons could acquire rela-
single-electron atom. It is expected that this ordered tivistic velocities at intensities on the order of 1021
motion, which represents a very high level of atomic Wlcm2., the production of electron-positron pairs by an
excitation corresponding quantum mechanically to a intra-atomic process analogous to the well-known tri-
multiply excited configuration in which all the elec- dent graph6' 7 becomes possible.
tron:; in a shell are in excited orbitals, would have a The role of coherence in the motion of the outer
lifeti ,.v r given approximately by that characteristic of electrons in the excitation of the core is readily
autoionization. This would place the lifetime in the described by appeal to descriptions of energetic atom-
range of 10- 14 >- r 10- Is sec. a time scale approxi- atom (AIB) collisions. In this comparison, a
mately comparable to the period of the ultraviolet fre- correspondence is established between the scattering
quencies used in the studies of ionization." ' In con- of the coherently radiatively driven outer electrons
sideration of the outermost shells, an ultraviolet elec- from the atomic core and the respective interaction of
tric field strength E on the order of an atomic unit the electrons in the projectile atom A with the target
E0 - e/la is the regime in which the envisaged motion atom . Consider the process
is expected to become an important factor in the
dynamics. This corresponds to an electromagnetic in- A + 8(0)- A + r(n) (1)
tensity 1- 7 x 1016 W/cm2 .

The coherent oscillation of the electrons in outer in which A is a ground-state neutral atom with atomic
atomic shells induced by irradiation at ultraviolet fre- number ZA and 8(n) represents an electronically ex-
quencies at intensities I Z 10 has important conse- cited configuration of the target system with quantum
quences for the coupling of energy to atomic inner numbers collectively represented by (W). In the
shells. Moreover, as described below, the influence of plane-wave Born approximation, the cross section o ":
this type of atomic motion can be related to certain can be written in the form presented by Briggs and
characteristics3 of high-energy ( 10 MeV/u) atom- Taulbjergt as
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'o- (Sre4/v))fK .o(K1l(ZA J- ,sj( lexp K SA) )lJA) I 1dKIK (2)
in which

MeV/u. Therefore, the motion of these electrons

eA(K)-fdr #.e(r)exp(iK'ra)ooa(ra). (3) simulates the elecironic collisional environment that
would occur in fast atom-atom encounters, but with

In expressions (2) and (3). u is the relative atom-atom the important absence of the nuclear contribution aris-
velocity, the #)A are orthonormal spin orbitals rep- ing from the ZA term in expression (2). In this case.
resenting the electrons on the projectile atom, oj is no shielding is present in the low-momentum-transfer
the statistical weight of the shell, K is the momentum limit.
transfer in the collision, and 40a and ORB represent the It is now possible to estimate the contribution to ao,
electron wave functions of the target system. The for an inner-shell excitation arising from coherently
summation over the index j appearing in Eq. (2) ex- excited atomic shells. For this we take expression (2)
tends over all occupied orbitals so that in the limit with Z -0 and restrict K,. to <lS/ao, to fulfill the
K- 0, the summation tends to the number of elec- condition for full shielding which, for this situation,
trons NA associated with the projectile atom.3 Since corresponds to totally con.-trucrive interference of the
NA - ZA for a neutral atom, complete screening3 oc- electron amplitudes. We further take Z, to denote the
curs in the low-momentum-transfer limit and the nu- number of electrons in the outer shells and expand Eq. 1
clear and electronic contributions cancel exactly. (2) for til(K) in the customary fashion so that only
Therefore, in this limit, the amplitudes of the elec- the leading dipole term xo. is retained. Finally, for a
trons combine coherently and the contribution to the core excitation energy & E we put Kmi =A Elu. the
cross section o,, arising from the motion of the elec- condition that holds for AE much less than the col-
Irons in atom A is increased by a factor of N over that lision energy. With these modifications, the coherent
of a single electron at the same collision velocity u. piece a6. can be written as
Alternatively, for sufficiently low momentum transfer .4 .-Z 2 dK
such that Kao<<i, the electron cloud acts as a o.&,- - . ' -d- (4)
coherent scattering center with a mass NA in, a charge J ZIP K

NAe - ZAe, a velocity u, and a kinetic energy a result which, with the exception of the restriction on
NA(-meu 2 ). Significantly, on account of the coher- K 1 and the Z? factor, is exactly the form of the

ence, the single-particle energies (+rmv 2 ) add so that, well-known result for inelastic scattering of electrons
in principle, this value could be below the magnitude on atoms developed by Bethe.' The final result, valid
required to produce the excitation of the target atom for
8. i

In sufficiently high-field strengths, coherently ac -5)
celerated electrons in outer atomic shells can interact > lcll E
with the remaining atomic core system in a manner
closely analogous to the atom-atom scattering de- is
scribed above. If a plane-wave Born-approximation [
description is used, the cross section representing en- glc, w2 jxln~a!JI -J miuI (6)
ergy transfer can be derived directly from expression x1 c 1
(2) with ZA -0. We now describe an example illus-
trating the circumstances under which this may occur. in which a is the fine-structure constant. For the ex-
Since the basic physical concepts can be very simply ample considered, the restriction on the logarithmic
represented in the high-field limit (E >> Eo), we con- factor limits AEto a maximum value of approximately h.
sider a peak electric field strength E - 0.5x 10l V/cm I keV, an energy corresponding to the region near the
so that an electron acquires an energy of - 10 keV in M edge of xenon,9 a case which serves as a suitable
a distance comparable to an atomic dimension ( 2 numerical example. If we take the charge radius o of
A). At this field strength, which corresponds to an in- the M shell of xenon as the scale for xo., then
tensity of - 3 x 1020 W/cm2 , the electron accelerates x0, - 0.2o., and if we assume that Z I- 18. accounting
to the 10-keV energy in a time which is approximately for the three outermost xenon shells (5p'5s 2 4dn°),
I% of an optical cycle for an ultraviolet wave length of then the resulting cross section is on the order of
. 200 nm, a condition consistent with the validity of 4rS - 7x 10t cm2 with the weakly varying loga-
the assumption of a constant field strength for ac- rithmic term taken as a factor of 0(l). This value is
celerations on the scale of atomic dimensions. The somewhat greater than the total photon cross sec-
resulting velocity of - 8x 10' cm/sec corresponds, for tion"' n in the region near the M edge of xenon.
atom-atom collisions, to a collision energy of - 20 Furthermore. since expression (4) respects dipole
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selection rules, considerable state selectivity is present in which re is the classical radius of the electron and v
as only odd-parity excited core levels would be pro- is the customary relativistic factor
duced.

The upper limit in the integral in expression (4) can '- (ulc) 2] 2 . (10)
be extended to K..-2Z.4 mv if appropriate pro- At sufficiently high intensity ( 1021 W/cm2), for
jectile-atom wave functions # are used. This pro- Zg-50 and ZZ-90, and with y,-5, ',-2xlO-2 4

cedure produces a final cross section ort, with a magni- cm2, a value that would, under reasonable experimen-
tude of the same scale as that represented by Eq. (6). tal conditions with an ultraviolet laser of 1-10-J output
but with a somewhat different detailed dependence on and - 100-fs pulse length, make possible the genera-
v and AE This refinement leaves the principal con- tion of - 100 pairs/pulse by this mechanism.
clusion unchanged. Coherently driven motions in outer electron shells

The coherent interaction described above can be can generate an enhanced intra-atomic coupling for the
viewed as a form of dynamic configuration interaction excitation of inner shells. The interaction, which can
in which the fields of the participating electrons sum be viewed alternatively as a form of configuration in-
constructively. Constructive addition naturally results teraction or electron scattering, has, on account of the
if the scale of the momentum transfer Aq communi- constructive addition of amplitudes, a cross section
cated in the interaction is sufficiently small so that the which scales as the square of the number (ZI) of
length l/Aq is greater than the spatial scale of the outer electrons participating in the motion. A strong
scattering system. The physical origin of this effect is and highly nonlinear coupling arises as a direct conse-
the same as that which generates the coherent forward quence. Coherent motions of this type should enable
scattering 3 observed in nuclear collisions.14  the selective excitation of atomic inner-shell states in

Obviously, all types of possible excited configura- the kiloelectronvolt energy range to be produced by in-
tions cannot fully benefit from this type of coherent tense irradiation of atoms at ultraviolet wave lengths.
motion regardless of the field strengths used. For ex- The physical nature of this process of intra-atomic en-
ample, the coherence is unimportant in the amplitude ergy transfer bears a direct relationship with energetic
for intra-atomic electron-positron pair production by atom-atom collisions. Similar conclusions can be
the trident diagram shown in Fig. 1, since the momen- reached by alternative theoretical approaches, such as
turn transfer Aq associated with the propagator for pair those involving the time dependent Hartree-Fock
production in this interaction is such that method.".

f1Aq -Ae<< o0. (7) The authors wish to acknowledge fruitful discus-
sions with T. S. Luk, H. Egger, U. Johann, A. P.

Indeed, from Eq. (5), at sufficiently high intensity in Schwarzenbach, and A. Szdke. This work was support-
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A THEORETICAL MODEL OF INNER-SHELL EXCITATION

BY OUTER-SHELL ELECTRONS*.

-A. Sz6ke
Lawrence Livermore National Labiratory

P. 0. Box 808, Livermore, California 94550 .

and

C. K. Rhodes
O~epartment of Physics, University of Illinois at Chicago

P. 0. Box 4348, Chicago, Illinois 60680
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ABSTRACT

An analysis is presented which shows that atomic inner-shell states cah

*be.strongly excited by outer-shell electrons driven coherently at ultraviolet

frequencies. -A semi-qua~itative analysis, based on the time-dependent

Hartree-Fock method, is formulated to illustrate the basic character of this

*extremely nonlinear inter-shell coupling. The results indicate that a

substantial fraction of the absorbed energy can be channeled into inner-shell

:to bE published, Phys. Rev..-Lett.-
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Recent experimental studies1 - 3 on the nonlinear coupling of Intense.

ultra-violet radiation to atoms have indicated that it may be possible to

excite atomic inner-shell levels through radiatively driven motions i1i

outer-shells. Specifically. it has been suggested4.S that the outer-shell

motions that could produce a substantial amplitude for inner-shell excitation

are those Involving ordered coherent motions of the outer electrons.

An approximate analysis of Inner-shell excitation5, based on an analogy

with atomic interactions in energetic (v/c - 1/10) atom-atom

collisions,6"7 has recently been presented. That result, which is valid for

very strong incident fields that give rise to comparable electronic

velocities, is stated in a form resembling the well known cross section for

inelastic scattering of electrons by atoms.8  Closely related phenomena.:nvol-'T

multiphoton excitation, and the ionization of many-electron atoms in strong

electromagnetic fields have. been formally treatelon the basis of

time-dependent Hartree Fock (TOHF) theory. This communicatlon" extends that

theory to describe inner-shell excitation. Specifically, we show that

assuming coherent (collective) nonlinear motion of an electronic (outer-)

shell produced by interaction with an external driving field, both the

probability for excitation of inner-shell electrons and the quantum state

specificity can be estimated.

In the following we give a simplified derivation of the theory using

neutral xenon as an example. The n = 5 shell (5s2sp of xenon .will be t*

designated as the outer-shell, and its 4d10 shell, to which it is closely

coupled, 10 12 Will be denoted as the inner-shell. The remaining strongly V.

bound electrons that form the (Kr] .- like core will be .treated as an

equivalent potential. In the ToIF formalism, the many-body wave function

describing, the outer- and the-Inner-shells is restricted to be an

-- o * * ** - .-- . :..... *I
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antisymsetrized product of single electron orbitals, a single Slater

determinant of the form.

K*

TOF p 1-1't

in which p is a permutation of the Indices. I of the K (- 18) electrons. The

single particle wave functions satisfy equations which are, in the dipole

approximation with the neglect of* spin-orbit and other relativistic effects,

written as
.%

ap1(i:,t) 2 - LA - - 1
Vat = 2 + V(r) + Vc(r.t) + LOA (r.t)- er-E(t) *i(r.t)t ,xc --1. .. -

In these equations, the laser field is assumed to be a nearly monochromatic

classical field, given by

I .'.k

E(t)= E(t) coswt. (3)

and the self-consistent Coulomb Vc and exchange vLOA potentia$.e. ...C xc

defined, in the local density approximation,13 by

2 K
Vc(l.t) F - n(F.t) ; n(Fit) - (4)

.. :-..-

o IFo -- F I

..i, (.)-'a I() .,nC)--.-r);::

-". - ._ -• .5.- . ,

---..-... . .- ~...~... ... .... ... ,. .

. . .'- - -.- ... ... "A - .. .. .-.. .. .. . . . .. ..,.. "... *.. - '**:.... .-.--.-. :-. . . - --'-.. . : - . . . . . .. . .--. ...
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-in which Ex (n(r)) is the exchange energy of the uniform electron gas with

the same density. In Eq. 1 above. V(r) is the potential produced by the ionic

(Kr] - like core. In principle, these equations are nonlinear in the applied

electromagnetic field.

We observe that the incident electromagentic field has a slowly varying

envelope. which means that both-its amplitude Eo(t) and its frequency u-

remain approximately constant over many light periods. Thus, the Hamiltonian.

Eq. 2. is almost periodic with period T - (2w1A) and Its corresponding

stationary states satisfy the quantum mechanical Floquet theorem. 14-16 In

particular, in the TDHF approximation the single electron wave functions do so

individually: thus

# =(r.t) exp(-iQit) i(r.t); i(r.t + T) = ,i(r.t) (6)

in which are the Floquet exponents wihtK--.. correspond ig quasi-energies

given by S~t" The periodic functions can be expanded in a time-

dependent Fourier series as

%,i(rt) = i (r)exp(-inwt)., (7)

n

a form which clearly shows that TDHF depends on time as a sum of

exponential terms

K -
e.xp -I( I nu)t with n an integer.

We now introudce an important approximation and adopt a-shell model"

which LemI9tes the treatment of the outer-shell electrons from those of the

• - . .d_. . . .. . .- - • • • - . • • -o- . • °



inner-shell electrons remain frozen in their ground state. It then follows

that the TDHF Eqs. 15have to be written for X - 8 with the inner-shell

• . . : ... ...-.

elpv Irons counted as core electrons. We know that for a weak Incident field

thi,,; Is a good approximation in xenon from detailed calculations using linear

17-18response theory. (Note: This calculation was performed by C. Cerjan

at Oe Lawrence Livermore National Laboratory using the computor program I
19

kind ly provided by 0. Liberman. -

The response of the inner-shell will now be treated by perturbation

theory. In this analysis, the potentials Vc9 Vxc in Eq. 4 and Eq. S are

* calculated using only the outer-shell wave functions and are represented as an

* external potential U given by

' - - LDA- .i

U (rt) = V(r) - er-E(t) + Vc(r.t) + VxD (r.t) . (8)
c xc

This potential can be Fourier analyzed in time as

k-
U(r.t) = (ur)cos(kwt + ek) (9)

It is important to note that in the TOHF analysis the Floquet exponent

disappears; the time dependence comes directly from the various components

E Eq. 7." In particular, if *I has large Fourier components for indjces

n = 0 and M; Vc and Vxc have correspondingly large Fourier components for

integral indices occurring between -N and 4M. Therefore6 this potential

* will cause transitions in the ifner-shell when the excitation energy E

satisftes the condition E = nik for n < M. The resulting transition

' " -rate; from perturbation theory, is - _

---- 7"



-- - .

.-"-36-

I~t..

k

w(E) IS (E 12S (E ,, (10)fa1'-

in which the transition amplitude. S (E) is calculated below.-
n

Let us denote the inner-shell matrix elements of U by

U f df<dT (r) luk(r) 1i)> (1

in whi c h T are a complete set of properly antisynuetric Hartree-Fock

wavef'i:-Lions for the inner-shell. including levels in the continuum.-with r

symbolizes all inner-shell coordinates. In nth order perturbation theory we

obtain

k1  k2
U U

k1 k2=n i

+o .l 1..S terms)

j...s -(EEof")CEj-E-fW) "_" (Es-Er-fw)) 1

with the summations denoting the customary sum over bound levels and integral over

continuum states. In general, all orders in this expression must be retained,

since the terms U are of k order in the external field and, consequently, all

term are of. n order overall; Furthermore, it is clear by inspection that the
first term corresponds to *internal nth-order-harmonic generation* while the

last one corresponds to "lowest order perturbation theory" With the -external

field screened by the outer electron motion. In perturbation theory, iA
consecutive oders"of'U are related by

* . . . . . . .
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in which vo5 Is a typical outer-shell dipole matrix element., and AEos

is an energy scale characterising outer-shell excitations. Therefore,

transition amplitudes in consecutive orders are related approximately by

AEos/(E-Ej-kf"). Since inner-shell energy spacings are typically

larger than those in the outer-shell, consecutive orders in the pe.t-Abation

treatment are generally diminishing except in cases :.-. possibly involving

intermediate resonances. It is significant to note that. if there is an

intermediate resonance at kfo. a large dipole moment can be produced at

that harmonic frequency.

The behavior of the single electron wave functions of the outer-shell.

,ilr~t), are now investigated. Since we are interested in the behavior of

the atom in a nearly monochromatic field that is.ap~rl*, 3diabatically, we

seek the solution of the TOHF equations (Eqs. 1-7. K - 8T-ttiat correlates

1Sadiabatically to the Ss25p6 Is ground state. For weak fields and
0

sufficiently low frequencies, the response of each electron is similar to thi

of an harmonic oscillator -with a-resonance energy equal to that of the first

- 9 V in20
excited state so (e - 9 eV in xenon). Therefore. the perturbation

" parameter, as.given in'Eq; 13, is

2 2
; 4 A -4 fEo  (20 2

0s 0 -0

0

* in vhtich a(e) is the measured AtOmiC :polarizability (per electron), "a

quantity which can also be calculated by linear response theory with a self-

_ -I--- . ,

• -. ' .
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consistent potential.17.18 In reality.however. the potential is anilarmonic. W

Therefore, the harmonic oscillator model must be used with caution, since a

single excited electron ionizes if it gets excited above the ionization

potential Vo . In xenon those values of V are 12.13 eV and 13.44 eV for
0

the J : 3/2 and 3 = 1/2 states of Xe , respectively. For simplicity, in the

following we ignore possible complications arising from autonionizing

resonances. Considering the form of the wave functions in the presence of the

nfield as given by Eq. 6 and Eq. 7. we can see that if s(a1  nu)>Vo. ? (r)

is a continuum wave function. However, we note that this relation has to be

modified in strong fields, as discussed both below and in Ref. 21.

The atomic behavior in strong fields is now discussed. In an-harmenic

n 2 noscillator model,the amplitudes 14Ip1 are proportional to B for

8 << 1, the standard perturbation theory result. Therefore, in this regime.

a probability of ionization in accordance with lowest order perturbation

theoryJ .obtained. For sufficiently strong field. B > 1, the higher

harmonic components acquire large magnitudes, the self-consistent potential

. becomes appreciably modified, and the ionization of the lowest n i

3.9.21.2
levels can be suppressed. 3 "9 ' 2 1 ' 2 2  The criterion difor;thedisappearance. o f

th
the n channel for ionization, due to electron trapping by the "

ponderomotive potential is

- 11

E2e 2

r.nfw- V0(E) < 4 m 2  " (15)4

in which VON) is theionization energy of the atom modified by the

AC-S rk effect. Significantly, both the disappearance of the lowest energy

electrons and the persistence of the higher. energy peaks have been observed3 ' 2 3
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In good agreement with Eq. 15. In the experiments of Johann el al.3 in

xenon at 193 m. electron trapping of the two-photon (n - 2) peak occurs at an
.. ,

intensity of 2 x 1014 W/cm2 according to Eq. 15. However, the onset of

strong non-linearity arises at an intensity of 1.2 x 1015 W/cm2 . the value

for which 8 = 1 in Eq. 14. The combined result of these effects is that the

single electron wave function, described by Eq. 6 and Eq. 8. will have

sizeable n = 2 component that does not ionize. The n > 2 components, of

course, will still 'consist, at least partly, of outgoing waves. If we assume

a coherent-outer-shell motion, a reasonable approximation for the bound part .1

of the TDHF wave function that correlates to the ground state is a symmetric

product of wave functions for the six Sp electrons of the form 9

1" 2

* -(F.t) - exp(-iQ t) P?(F) + 9f(r)e-iat+ -(F)e -2.t. (16) L

The norms of the Fourier components.

Pn =  'n(F)12 dF" (1"7) _ :..

were calculated for a one dimensional harmonic oscillator with polarizability

and resonance frequency similar to that of xenon; for an intensity of

14 24.5 x 10 W/cm and frequency G = 0.7 the values are Po = 0.246,

P1 " 0.330. P2 - 0.234, P3 - 0.116 respectively.

Two important conclusions emerge. First. if we Interpret P. as the

probability of an individual. electron being 'dressed, by n .photons, the Sp6

shell of: xenon has a sizeable ai&ll;ude .forabetmgkdrossed with. or virtually

excited with. 12 photons., an.energy Sufficient.ti' Ionize a 4d electron, at

an incident 193 no laser intensityn the vange 10

.. . -. .... ., .: .. - -. . . . " • " '" : : '" / - '. ,,,,.,A,- ,,. , i ,-' , u"" " " " ' "',,,, , " ,,M l k ,k ,,di+i'""
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Sigmificantly', this range of Intensity agrees', to within a factor of two, with

the intensity observed3'4 in the electron spectrum of xenon for the onset of 8'

strong nonlinear coupling. Second, substituting Eq. 16 into Eqs. 4 and 8; we

see that the potential produced by these electrons contains predominantly "he

first and second harmonic components. This is exactly the expected

characteristic of a coherent ordered motion of the outer-shell electrons.

An estimate can be made of the inner-shell excitation due to the

potential U. Eq. 8. in perturbation theory. The xenon 4d10 Ionization

thresholds are 67.,65_ eV (4ds,2) and 69.52 eV (4d3/). $ier% the n = 2

terms get large, the domfnint lowest order terms in the pertubation ani ysis

represented by Eq. 12 canbe cast in a form in which.the individual terms

2
are written as (pE2 /N1&O) , in which V is an inner-shell dipole matrix element,

E is the field at 2w induced by the outer shell, and )%h,:is an appropriate energy

denominator. Using v2 . f(ea0)
2(Ry/6 l).in which Ry - 13.6 eV,6" is ..

an inner-shell excitation energy, and f is the oscillator strength of the j

transition, we can estimate the square of the matrix elements of Eq. 11 as

MCUM>1 2  E 2 2 4f(RY) 3  (18)
III • ~a (fla) :.(f,,11y:!

with the atomic electric field denoted as Ea - e/a2.0

We now provide bounds for (E2/Ea). A high estimate, E2/Ea 1.4, is E

* derived if we assume an oscillating charge of 2e at 2", corresponding to

the parameters P - P1 - P_ - 1/3 for the six Sp'electrons.1-and a mean

I distance of 1.2ao-between the outer- and inner-shell. The latter is an

* unweighted average from a density functional calculation of xenon.18

Conversely, a low estimate of E2/Ea = 0.17 is obtained if we scale the

I ,:i~~~~~~~~~~~~~~~~~~.. -.-..:..............-............................................................: ::::" '::"""":":"; " " '"' """ " ":
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static shielding field calculated in Ref. I (Fig. 1), around the position of

the peak density of the 4d shell (O.8a o ) with P2 - 1/3. We- believe.that a

better estimate of this quantity is the highest theoretical priority and its

experimental determination- is the most significant means for a comparison of .

-"theory and experiment. Fortunately, in the case of xenon, the structure of

the excited levels of the 4d10 shell is well known. 25.26 We have to

consider in Eq. 18 two different classes of terms, namely, (a) those in the

continuum with f = 11 and fio1  100 eV and (b) one resonant level at 65.1 eV

10 26 92 2 2corresponding to the 4d 5s Sp -# 4d 5s 5p ( 05/2)6p transition with f - 0.02.

The latter transition can experience shifts due to outer-shell *vacancies* and

the (shielded) external field. Taking the higher estimate for E2, we get
22

for I<IUI>l - 0.29 with the continuum as the intermediate state and

I<UI> = 7.6 for the resonant level which corresponds to 10 photons

absorbed. The latter value simply signifies that this particular step of thq

transition is saturate& and that the appropriate magnitude to use is unity.

The simplest kind of perturbation calculation relates the probability of

inner-shell-ionization P (Auger) to that of the absorptfon P(4w) corresponding to

the absorption of four photons by a single electron, an outer-shell "above

threshold" ionization process, with the latter being calculated in lowest

order perturbation theory. In this comparison, we assume that both these

processes have the same density of final states, and the same bound-continuum

matrix elements. This ratio then reduces to a product of four expressions of the

2type IHU>I . Using the estimates given in the previous paragraph, we obtain

for the ratio of probabilities, P(Auger)/P(4w) - 0.15. The magnitude of this ratio

indicates that an appreciable fraction of the absorbed energy can be channeled

into the excitation of inner-shell states.2

*S6.* .*. *... . . * - . . - - -. * .. * * . * -'-.-.-,

*r.. ." .. '. °... .... ... ... . . . . . . . .. ..... "A .. . * . ".. •. . ".' ' % . .', •. .
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2* ..

In this letter a theoretical framework has been presented that allows the F
calculation of the probability of inner-shell excitation that arises when an

outer-shell of an atom is driven coherently by a strong, non-resonant

electromagnetic field. Naturally. in future analyses, it is important to

examine more thoroughly the range of physical conditions3 necessary for the

validity of the central assumption of this work, namely, the existence of a

coherent multi-electron excitation of an atomic outer-shell. For this

question, TDHF calculations can set a limit. In the regime for which those

calculations predict single electron excitations, in particular, close to a

resonance, no coherent excitation will occur in a real atom. Of course, the

residual interaction among the outer-shell electrons represents a mechanism

for damping of the coherent motion that requires further investigation.

Although a theoretical framework is known27"28 which can be used to appraise

these effects, the calculation falls outside th'domain of TDHF theory.
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Anomalous Collision-Free Multiple Ionization of Atoms
with Intense Picosecond Ultraviolet Radiation

T. S. Luk, H. Pummer, K. Boyer, M. Shahidi, H. Egger, and C. K. Rhodes
Defaitment of Pkysics, Ustiversity of l116vois at Chicago. Ckicago. liaois 60680

(Received 27 April 1983)

Collisionless multiphoton absorption, resulting in multiple atomic ionization and ex-
hibiting anomalously strong coupling. has been studied in the region spanning atomic
number Z - 2 (He) to Z = 92 (U. The highest ion state identified is U14, corresponding
to absorption of 99 quanta (- 33 eV). Models of stepwse Ionization using standard theo-
retical techniques are Incapable of describing these results. A mode of interaction in-
volving radiative coupling to a collective motion of an atomic shell Is proposed.
PACs numbers: 32.80.Kf. 32.80.Fb, 33.80.Kn

The availability of spectrally bright picosecond focused by af= 50-cm lens in front of the en-
ultraviolet light sources enables the study of non- trance iris of the electrostatic analyzer, pro-
linear coupling mechanisms in that spectral range ducing an intensity of 1014 W/cm2 in the experi-
under experimental circumstances unaffected by mental volume. The number of atoms in the focal
collisional perturbations. In this Letter, the re- volume is estimated to be -10 4 at 10 - Torr.
suits of the first experiments examining the Therefore, any ion produced with a probability
atomic-number dependence of processes of mul- less than -I0-4 cannot be detected without ex-
tiple ionization of atoms X with intense (S 1014 W1 tensive signal averaging. Ions formed in the
cm2) picosecond 193-nm radiation under collision- focal region are collected by the analyzer with
free conditions are reported, an extraction field in the range of 50-500 V/cm.

The general physical process studied is and detected with a microchannel plate at the exit
of the electrostatic device.Ny o'* "q" (1

Representations of the experimental results are
for which observed values of N and q range as given in Figs. 1(a) and l(b) and Table L Figure
high as 99 and 10, respectively. Of particular 1(a) shows a sample of typical time-of-flight ion
significance is the behavior of the amplitude for current data for Xe. Table I contains the normal-
Reaction (1) as a function of atomic number (2). ized relative abundances of the observed ion
Accordingly, the response of materials spanning charge states for Xe, derived from Fig. l(a) and
the range in atomic number from He (Z= 2) to U uncorrected for detector sensitivity. Experiments
(Z=92) has been measured. Similar processes indicate that the detector is about four times as
involving the irradiation of Kr at 1.06 pm have sensitive for Xe *. Similar data have been record-
recently been described by L'Huillier el aL,' in ed for He, Ne, Ar, Kr, I, Hg, and U. In Fig.
addition to other studies concerning the charac- l(b), the observed ions and the total energies re-
teristics2 of Xe and Hg. quired for their generation in the electronic

The experiments reported herein exhibit two ground state are given.
salient features. These are (1) an unexpectedly A remarkable feature of the data is the magni-
strong coupling for extraordinarily high-order tude of the total energy which can be communi-
processes, and (2) a coupling strength which is cated to the atomic systems, especially for high-
dramatically enhanced at higher Z values. Z materials. The total energy investment*' of

The experimental arrangement used to detect -633 eV, a value equivalent to 99 quanta, needed
the production of the highly ionized species con- to generate U' 0 ' from the neutral atom, with ne-
sists of a double-focusing electrostatic energy glect of the small contribution associated with
analyzer (Comstock) operated as a time-of-flight molecular binding* in the experimental material
mass spectrometer. The analyzer is positioned UF,, represents the highest energy value reported
in a vacuum vessel which is evacuated to a back- for a collision-free nonlinear process. The re-
ground pressure of -10 - Torr. The materials to moval of the tenth electron from uranium, which
be Investigated are introduced into the chamber requires' -133 eV if viewed as an independent
In a controlled manner at pressures typically process, requires a minimum of 21 quanta. The
from -3x I0' to 10- Torr. The 193-nm ArF* coupling strength implied by this scale of energy
laser used for irradiation' (-10 psec, -4 GW) is transfer at an intensity of -I0' _ W/cm' very sub-
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700 TABLE 1. Charge-state distribution of xenon derived
from Fig. I{SO.IO_

oC Charge state Relative abundance

1+ '44
.00(a) 2+ 26

F-, 3+ 20

" , 4 6+ 1

(b) ionized species are observed for both materials.
"200o',o

s- - - Likewise, the comparison of Xe and Hg leads to
4 the conclusion that the density of states is not a

_key factor in determining the coupling strength.
2. - - - - Conversely, all the conspicuous characteristics

-. of Fig. (b) can be consolidated if the shell stnuc-
. .) 0 s) AKI ) usa) X.(s4) NMeo) I92) tare of the atom is the principal physical prop-

erty determining the magnitude of the coupling.
ATOMIC IIUII Z The considerable change seen in the atomic re-

FIG. 1. Data concerning multiple ionization of atoms sponse observed between Ar and Kr Implicates
for 193-nm irradiation at - 1014 W/cm. (a) Inset: a role for the 3d shell which is filled in that re-
typical time-of-flight Ion current signal for xenon. gion. A very similar variation between Ar and
(b) Plot of total Ionization energies of the observed Kr, that has been observed in the amplitude for
charge states as a fbuction of atomic number (Z)... sigle-quantum multiple photoionization, t t has

been attributed to correlation effects arising from
stantially exceeds that anticipated from conven- the d shell. A significant shell-dependent effect
tional theoretical formulations describing multi- is also suggested by the comparative behavior of
quantum ionization. I and Xe, since complete removal of the valence

Aside from the magnitude of the observed ex- 5p shell is observed in both cases although the
citation energies, the general and strong tendency total energies required differ substantially. We
for increased coupling for materials heavier than note that I and Xe exhibit similar and unusually
argon and the similarity in the response of I and - intense 4d absorptions 2 .

1* In the region -100 eV,
Xe, for which the maximum charge state ob- strongly implicating correlated' 4"1 motions in
served in both cases corresponds to complete that shell.
loss of the 5p shell, are significant. An examina- The most elementary mechanism that could lead
tion of the ionization energies' . s for the species to the production of the observed ionic charge
involved fails to suggest any consistent picture states is the stepwlse removal of the Individual
for this behavior. For example, the ionization electrons by conventionally described multipho-
of the second electron from He, which is not de- ton ionization. A given charge state (e.g., Xel)
tected, requires an energy of -54.4 eV, a value then requires the generation of all lower charge
less than that necessary to remove the fifth elec- states, thereby linking the probability for its
tron from Xe. We are led to the conclusion that occurrence directly to the rates of production of
some factor other than the magnitude of the ioni- these other species. The appearance of Xe.
zation potentials corresponding to the different would require a sequence of 2-, 4-, 6-, 8-, 10-,
species, or equivalently, the order of the non- and 12-photon processes of ionization.
linear process, governs the strength of the coup- The probabilities for multiphoton transitions
ling. calculated with standard perturbative approaches-

An explanation based simply on the density of and procedures valid in the high-field limit" have
states is also unconvincing. A comparison of the been discussed for single-electron systems.
excited-state structures'.' 0 for He and Ne quickly From these calculations, it can be shown that,
shows that the density of levels for Ne is very at the 193-nm intensity of -1014 W/cm2 used In
large in comparison to that for He, but only singly these experiments, the transition rates for N-
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O-
photon processes decrease very rapidly with in- cess. In this regard, the xenon 4&0 shell2 4-3 and
creasing N. An estimate shows that for N = 3, 5, 7, the lanthanides " have been studied extensively.
the relative transition probabilities scale as Recent analyses of collective responses in atomic
1:~10-4:-10-1. On this basis, the expected ionic and molecular systems have been given by Brandt
distributions should decrease very sharply to- and co-workers, 2 " " Wendin,14. | 6. 24 and Amusia
wards highe charge states. Indeed, the aun- and co-workers."5 '" The results of our current
.dances of ions in ,charge states q > 3 would fall be- studies simply indicate a nonlinear analog of this
low the detection limit of the apparatus used. It basic electronic mechanism In the present ex-
follows that the results obtained from single- periments, the implication of the d-shell electrons
electron models for multiquantum processes of seems particularly strong given the sharp change
this nature ck not represent the observed experi- in behavior seen between Ar and Kr. Naturally,
mental findings involving charge states q> 3. f electrons 3 would be expected to behave similar-
This conclusion holds for all materials studied ly, a consideration that clearly motivates study
that are heavier than Ar. Conversely, inspection of the lanthanide sequence. Finally, the spatial
of the experimental data indicates that the low-Z dependence of the self-consistent field experi-
materials, essentially up to Ar, exhibit behavior enced by the atomU is expected to give rise to a
in reasonable accord with that predicted by con- complex Z dependence of the atomic response, an
ventional theory. This interpretation can be rec- aspect that may be related to the relatively low
onciled with the presence of two different coupling value of maximum energy indicated in Fig. l(b)
mechanisms, one dominating in the low-Z region for Hg.
and the other providing enhanced coupling in the In summary, studies examining the nonlinear
higher-Z materials. From our data, the division coupling of intense ultraviolet radiation to atomic
between these two regimes appears to occur be- systems, spanning the atomic number range Z
tween Ar aind Kr. =2 to Z= 92, reveal several important character-

The very substantial underestimate provided by istics of this interaction. It is concluded that the
standard tbwc,.-etical models of the coupling conventional treatments of multiquantum ioniza-
strength obs . ved and the envelope of the Z de- tion do not correspond to our experimental find-
pendence b(4 h conspire to support an interpreta- ings for high-Z materials. The essential findings
tion involvbq- .an alternative mode of coupling, are (1) an unexpectedly large amplitude for col-
The enhancean and anomalous strength of the radi- lision-free coupling, (2) a strong enhancement in
ative interael ,on points to a collective response the coupling strength for the heavy elements, and
of the atom. ; ich a collective response, or (3) the inference, based on the atomic-number
atomic plas, .. n,"9 is anticipated to be favored in dependence and the anomalous coupling strength,
the outer sul,,i~ells of high-Z materials for which that a collective motion of d andf shells may
the correlation energy becomes a more substan- play an important role in these phenomena. With
tial fractioin of the total electronic energy. 4. 20 this physical picfure, selectivity in the popula-
The coherent motion envisaged has a counterpart tion of excited ionic states is expected on the
in nuclear myatter known as the giant dipole,' al- basis of photoelectron studies. 3 2

though giant multipoles higher than the dipole are Support for these studies was provided by the
known. U. S. Office of Naval Research, the U. S. Air

All aspects of the experimental findings can be Force Office of Scientific Research through Grant
unified if an important mode of nonlinear coupling No. AFOSR-79-0130, the National Science Founda-
involves a direct multiquantum interaction with tion through Grant No. PHY81-16636, and the
an atomic shell which undergoes a collective re- Avionics Laboratory, U. S. Air Force Wright
sponse. In tPs picture, it would follow naturally Aeronautical Laboratories, Wright Patterson
that the shell structure of the material would be Air Force Base, Ohio. Fruitful discussions con-
reflected as an important property governing the cerning atomic ionization energies with R. L.
coupling to the radiation field. Collective inner- Carman and the skillful assistance of J. Wright I
shell responses have been discussed in relation and IV. Scaggs are gratefully acknowledged.
to processes of single-photon ionization. 2 ' It is
generally found that in cases for which the elec-
tronic correlations are important, the single-
particle spectrum is very greatly altered, lead- 'A. L'Hullller, L. A. Lompre, G. Mainfray, and 7
ingto a collV !,tively enhanced many-electron pro- C. Manus, Phys. Rev. Left. 48, 1814 (1982).
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Collision-free multiple photon ionization of atoms and-molecules at 193 nm

T. S. Luk, U. Johann, H. Egger, HL Pummer, and C. K. Rhodes
Department of Physics. University of Illinois at Chicago, P.O. Box 4348, Chicago, Illinois 60680

(Received 4 February 1985)

The nonlinear coupling of 193-nm radiation to a range of atomic and molecular materials has
been experimentally explored up to a maximum intensity on the order of - 107 W/cm'. Studies of
collision-free ion production clearly exhibit anomalous behavior which strongly implies that the
atomic shell structure is the principal determinant in the observed response. On the basis of the ob-
served coupling strength and the measured atomic-number (Z) dependence, the experimental evi-
dence points to a coherent atomic motion involving several electrons, possibly an entire shell, as the
main physical mechanism enabling the scale of energy transfers seen. Therefore, states representing
multiple excitations appear to play a central role in the coupling, a consideration that fundamentally
distinguishes the nonlinear interaction of a multielectron atom from that of a single-electron system.
Comparison of the experimental findings with standard theoretical treatments, of either a perturba-
tive or nonperturbative nature, does not produce satisfactory agreement. Conversely, the formula-
tion of a simple classical estimate qualitatively conforms to several features of the observed behavior
including the shell character of the interaction, the maximum energy transfer, the dependence of the
average energy transfer on the intensity of irradiation, the frequency dependence of the observed en-
ergy transfer, and the weak influence of polarization.

I. INTRODUCTION ted significantly superior mass and charge discrimina-
tion. In this case, the isotopic signature of heavy atoms

The initial studies"2 of the Z dependence of collision- was readily distinguished.' This aspect provided a clear
free multiphoton ionization of atoms at 193 nm clearly identification of the signal and enabled unambiguous
exhibited anomalous behavior in terms of the gross rate of separation of the desired ion current from any spurious
energy transfer. The general class of physical processes signals originating from the background gas.
studied was Figure 1 illustrates the characteristic isotopic pattern

observed for Xe5+ . Note the close correspondence of the
Ny +X--.X' + +qe (1) individual isotopic peaks to the strengths expected on the

A prominent feature of these studies was the unusually basis of the isotopic natural abundance.'0 Under typical
strong nonlinear coupling found characteristic of certain experimental conditions, the ions formed in the focal re-
heavy materials such as Xe and U. In the case of U, the gion were collected by the analyzer with an extraction
maximum observed values of N and q were found to be 99 field in the range of 100-5000 V/cm, and a microchannel
and I, respectively. By comparison with theoretical ap- plate located at the exit of the time-of-flight region served
proaches based on perturbation theory,3- 5 these experi- as the ion detector. In addition, a laser-evaporation tech-
ments clearly demonstrated that standard theoretical tech- nique has been incorporated" into the apparatus to enable
niques were incapable, by a discrepancy as great as several the study of elements, such as the lanthanides, which are
orders of magnitude, of describing the observed results. not conveniently available in gaseous form, and prelimi-
Subsequent work,6 conducted at a wavelength of 1.06 pm, nary experiments involving Eu and Yb have been conduct-
has confirmed the anomalous nature of the coupling ed.
strength.

Ili. EXPERIMENT RESULTS ON ION PRODUCTION
1. EXPERIMENTAL CONSIDERATIONS The basic information obtained by observation of the

For the studies of multiple ionization conducted since ion spectra pertains to the scale of the energy transfer, for
the earlier studies"2 were completed, the 193-nm ArF* both average and peak values, communicated to the target
laser used for irradiation7 (-5 psec, -3 GW) was atom X by the radiation field. An examination of the Z
focused by an appropriate lens to generate intensities in dependence of the average energy transfer is informative.
the range of 101-5 1017 W/cm2 in the experimental Figure 2 illustrates the dependence observed at 193 nm for
volume. In order to produce the highest intensities used, an intensity of irradiation in the range of 10n-10 6

an f/2 aspheric focusing element was necessary. The ions W/cm. The comparison in the average energy absorbed
are created in a vacuum vessel which is evacuated to a for the adjacent elements, I (Z = 53) and Xe (Z = .54), is
background pressure of - 10- 9 Torr. remarkable. This difference, which is approximately a

In contrast to the earlier work," '2 the ion analyzer had a factor of 4, cannot reasonably be attributed to experimen-
greatly extended time-of-flight drift region which permit- tal error, since only the strong, easily registered ion-signal
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- ~ ~ IOTOM~ SPEOMh OF Xe CHARGE STATES OBSERVED FOR X9 S+n X 6 +

TWE OF FLOWT

z 4-134

Q5

Iner (~shwsth ouar- S129C12 11 13 14 13

son of the observed and natural -W210M 18
abundances. NATURAL 0.0 0.9 I..0.9 .3

ABUNDANCE 0.07 0.98 0.8.3

OBSERVED 0.1 .1 0.2 1.3 1.0 0.46 0.36
Xe S+

FIG. 1. Isotopic spectra of 94Xe+ and ,4Xe'+ are shown, and their relative abundance is compared with the natural abundance.

components figure appreciably in the calculation of the The ion production in several elementis has been studied
average energy. Furthermore, since the two elements are for a range in atomic number spanning He (Z _-2) to U
close in atomic mass, the ion velocities of the two materi- (Z =92) at intensity levels above those used in the initial
als, for a given charge state, are nearly identical, rendering wok t 2 A typical ionic spectum for xenon is illustrated
corrections in the sensitivity of the. channel-plate detector in Fig. 3. In this case, there is the clear presence of eight
due to diffe renices in velocities negligible. We conclude charge states, the first five of which are seen to have ap-'
that some factor involving the basic atomic structure of proximately -comiparable abundances. An overall sum-
the materials must account for the observed differences in mary of the species observed is presented in Fig. 4. As
energy transfer and that tis factor can vary rapidly in rpeetdi hsfgrtemxmumobeednrg
atomic number. -transfers are on a scale of several hundred electron volts

70. 7

a XuelS in- 10i WIM 2

UU 

U

Yb O

FIG. 2. Average energy absorbed per atom under cllision- FJf
(fe conditions for irradiation at 193 -with an intensity in the FIG. 3. Time-of-flight ion spectrumi of xenon irradiated at
range of 1015-101 W/cm2. -1016 W/Cm2l at 193 am..
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FIG. 4. Data concerning the multiple ionization of atoms for irradiation at 193 nm. Plot of total ionization energies of the ob-
served charge states as a function of atomic number (Z). 531'

+ was not positively identified because it coincides with an H2O back-
ground signal.

for the heavy materials. In the earlier experiments' con- the number of electrons in the outer subshells that
ducted at - 1014 W/cm2 , an examination of the ionization governed the coupling. A measurement of the response of
energiesIZ' - of the species involved failed to suggest any elements in the lanthanide region, with the use of a
consistent picture for the understanding of the stages of method involving laser-induced evaporation to provide the
ionization produced. Furthermore, the subsequent work material, enbled this view to be checked. As one moves
reported herein shows that this situation continues to exist from La (Z =57) to Yb (Z =70) in the lanthanide se-
at intensity levels as high as the 106-1017 W/cm 2 range. qence, aside from slight rearrangements involving the 5d
For example, the ionization of the second electron from shell for Gd (Z =64), 4f electrons are being added to in-
He, which is not detected, requires an energy of -54.4 terior region of the atoms. The data illustrated in Fig. 4

SYeV, a value less than that necessary to remove the fifth for €3Eu (4f76) and 70 Tb (4ft4652), which differ by
electron from Xe, a process which is clearly seen. We are seven 4f electrons, indicated that these inner electrons
led to the conclusion that some factor other than the mag- play a small rok in the direct radiative coupling, a fact
nitude of the ionization potentials corresponding to the that is in rapport with the observed dependence on the
different species, or equivalently, the order of the non- outer-shell structure.
linear process, governs the strength of the coupling. The intensity dependence of these ion spectra, corrected
Clearly, this strong variation in coupling strength canot for the relative sensitivity of different charge states,14 has
be explained by standard perturbative and unperturbative also been efamined, and Fig. 5 illustrates the nature of
theories. this response for xenon. Over the range of intensities

Another clear characteristic of these data is the shell studied (-105-101 W/cm2 ), higher intensity translates
dependence manifested in the behavior of the heavier rare generally into an increased yield of ions of a particular
gaseL For Ar, Kr, and Xe, the maximum charge states charge, although not necessarily an increase in the max
observed would correspond to the complete removal of imum charge state observed. For example, the ion
atomic subahells. For these materials they are the 3p, the 4Xe+ , with ground-statel s configuration 4d' O, is the
4p and both the Ss and 5p shells, respectively. Similarly, greates charge state detected at - 10 6 W/cm z, and al- W
if the I'+ signal is present under the HZO + peak, then its abundance increases at - 100 W/cm 2, no

that also implies complete removal of the 5s and 5p s4Xe + appears at the higher intensity. The average aer-
shells. gy communicated to the atom also increases at the higher

The hint provided by the role of the shell structure intensities, although clerly not as rapidly as the intensity.
described above led to the hypothesis that it was mainly In the case of xenon, as shown in Fig. 5, the average ener-iF
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WN S-CTA OF X,, responding to applicability of the Keldysh" approach, the
model predicts a substantial abundance of He2+ , a con-
clusion that stands in contrast to the experimentally oh-

served absence of this charge state.
The frequency dependence of the coupling has also been

examined by comparison of our results at 193 nm with
other studies perfoned19 20 at 1.06 pm and 0.53 Um. The Ne
comparison, conducted at an intensity of -104 W/cm".

" for both krypton and xenon, indicates that the average en-
ergy absorbed is reduced at the longer wavelengths. Fg-

0.1 ures 6 and 7 illustrate these comparative differences for
krypton and xenon, respectively.

, The influence of laser polarization has been studied for
* xenon. With the use of a quarter-wave plate, the linearly
£polarized radiation normally produced by the 193-nm

source 7 can be conveniently transformed into circularly
• polarized radiation. The ion spectra observed for xenon

0.0, \0 ,. cm 2o 
* wswere found to be negligibly modified by the change from

linear to circular polarization. This result is in contrast to
2 that expected on the basis of perturbation theory analysis3

10 w' , 10 IS wem in the single-electron picture of the interaction. In that
case, for high-order processes, the much greater abun-
dance of available channels for linear polarization pro-
duces a substantially greater ionization rate in comparison

oo 2 S4 a * 7 to that characteristic of circular polarization. Nonpertur-
$ $ 4 bative treatments' also indicate that greater ionization

CHARM STATE rates are commonly associated with linear polarization.

FIG. 5. Relative abundance of charge-state distributions ob-
served i the ion spectra of xenon in the intensity range 10,
IO-1O" W/cm' at 193 nm.

FAE UENCY DEPENDENCE

gy increased by only approximately a factor of 7 when the
intensity was increased 100-fold. It is important, howev-
er, to be aware of the experimental uncertainty involved in ,o'
the intensity dependence, since low-charge states can be K
disproportionately produced in the outer regions of the fo-
cal volume. This particular effect is expected to be some-
what more significant for materials, such as 63Eu and
7,Yb, which can be ionized by a single 193-nm photon.%
Nevertheless, the data illustrated in Fig. 5 clearly show a i "
relatively weak intensity scaling for the high-order (N)
process that produces the higher-charge-state species oh-
served.

Several existing types of nonperturbative calculations ""
predict a variety of different laws governing the intensity "
(I) scaling of the transition probabilities. For a field ,.06 '-
strength comparable to or greater than the binding field wo
Ei, of the electrons, Pert 6 and Mittlentani? derived
I-1/ 2 1n(I/1 0 ) and a IN 21 relationships, respectively,
in which IS represents the intensity corresponding to the
value of the electronic-binding field Ek. Moreover, under
conditions for which the radiative-field strength is small
compared to the electronic-binding field E, Keldyshi 8

obtained a 11/4 scaling. Furthermore, for the experiments aC M

under consideration, it is not apparent that the analyses of , os al-
Pert 6 and Mittleman" can be validly applied to the pro- FIG. 6. Comparison of charge-state spectra observed for
duction of the higher observed charge states, since the in- krypton at an intensity of - 104 W/cm at 1.06 pm and 193
tensity I is much less-than the corresponding 10 for those nw. The data shown for 1.06p m irradiation is taken from Ref.
species. Finally, we note that, in the weak-field limit cor- 19.

. ._: ..,.. , .,' .j ' : 'u " .'. .,-..' .. -. ... ,. .. -. .... . .-. , - .... .-. .. . - *, - -, ., ... ,. -. - . .
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fact we comment on further below. Furthermome, since
the charge state does not increse beyond the apparent re-
moval of the full 5p and 5s subshells tentatively we can

FREOENCV DEPBENCU t-"wic,' conclude that the n =5 shell is an important agent cou-
pling the xenon atom to the 193-nm radiation field. it is

%.% also known, however, particularly from photoionization
ieX studies involving multiple-electron ejection,23'2' that the

5p, 5s, and 4d shells exhibit substantial intershell cou-

piing and behave in a collective fashion in a manner
resembling a single supershell.2 In this connection it is

'. also known that the spatial dependence of the self-
. consistent field 6 experienced by the atom is expected to

1,. 3 - contribute to the Z dependence of the atomic response.

,_ \In this picture, the increase in multiphoton coupling
strength results directly from the larger magnitude of the
effective charge involved in the interaction. In this way, a
multielectron atom undergoing a nonlinear interaction
responds in afundamentally different fashion from that of
a single-electron atom. n 's '- This interpretation involv-

10- ing a collective atomic response with several coupled
atomic shells is exhibited most prominently for Xe, but is

also apparent in the nature of the Ar and Kr spectra.
We now briefly consider the magnitude of the coupling

strenth. A strong implication of the studies reported ini-
tially and noted above, and which is reinforced by the ad-

I I I I I_ ditional data illustrated in Figs. 2 and 4, is that the
, 2 3 4 a CH atomic-shell structure is a principal determinant in the

atomic response. Indeed, all the conspicuous characteris-
FIG. 7. Comparison of charge-state spectra observed for xe- tics of the experimental findings can be consolidated by

non at an intensity of - 1014 W/cm2 at 0.53 pm and 193 nm. this single principle. Surprisingly, the order N of the non-
The data shown for 0.53 pm irradiation is taken from Ref. 20. linear process appeared as relatively unimportant. Furth-

ermore, the data strongly indicated that a collective
response of an entire shell, or a major fraction thereof,

We comment further that, at sufficiently high- was directly involved in the nonlinear coupling. Collec-
electromagnetic fields, all angular momentum states be-. tive responses of atomic shells, as noted above, have been

" come accessible,22 a fact that will certainly alter the polar- discussed in relation to the mechanism of single-photon

ization dependence."7  photoionization. The present studies simply point to a
nonlinear analog of this basic electronic mechanism.

IV. DISCUSSION OF RESULTS With this picture, the outer atomic subshells are envisaged
as being driven in coherent oscillation by the intense ultra-

A. Ion production violet wave. Of course, such a model can only be valid if
the damping rate, presumably by electron emission, is suf-

In broad terms, we now discuss and interpret these ex- ficiently low. Consequently, that assumption is naturally
perimental findings. In the data represented in Figs. 2, 4, implied in this description. We note that an oscillating
and 5, two salient characteristics exhibited by the experi- atomic shell, quantum mechanically, would be represented
ments involving ion production are (i) the large coupling by a multiply excited configuration. The simplest exam-
strength for heavy materials and (ii) the sharp variations pes are doubly excited levels of the type commonly ob-

present in the average energy transfer as a function of Z, served in the extreme ultraviolet spectra of the rare gases
such as that illustrated by the comparison of iodine and such as argon.' Naturally, higher stages of multiple exci-
xenon in Fig. 2. tation can be considered such as those discussed in the

Qualitatively, several aspects of the basic interaction context of planetary atoms.]. Therefoe, if this type of
emerge clearly. With reference to xenon, for example, a description is a valid representation of the radiative con-
100-fold increase in 193-nm intensity from _ l0'-10" piing, then it would follow that multiply excited configu-
W/cm2 does not drastically increase either the maximum rations would be prodigiously generated and, therdore, be
charge state observed or the average energy transferred. prominent features in any excited-state populations po-
Over this range of intensity, the charge state q advances duced. We shall see below that additional evidence sup-
from q =6 to 8, and the average energy transferred in the ports this interpretation in the case of xenon and krypton.
interaction increases by approximately a factor of 7. Within the framework of the above picture, it is possi-
Within the experimental uncertainty over this range of in- ble to make a simple estimate of the energy absorbed by
tensity, the average energy appears to grow approximately an atom and the corresponding scaling law describing the
linearly to the magnitude of the radiative electric field, a intensity dependence. For this we imagine an atom com-

P P , "T" . ) ., • .,. .. .",. . . . . . .... .. . K:
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posed of two parts: (i) an outershell of n electrons driven acceleration of cosmic rays by rotating neutron stars.3

by the radiative field at frequency v and (ii) an atomic Simple estimates indicate that for intensities of that mag-
core. The outer electrons could, through "inelastic col- nitude, the outer electrons would approach relativistic ve-
lisions" at frequency v,, transfer energy to the core. As- locities (-50-80 keV) and that oscillating atomic-current
suming a mean free path 8 for the electrons between two densities on the order of 10"-410 amps/cm2 could be es-
collisions, and for large collision frequencies (v, > v), the tablished as a result. Actually, in this high-intensity limit
work done by the radiative field between two collisions is it appears to be possible to estimate the coupling of the
neE8. The total energy transferred to the core during the coherently driven outer electrons with the remaining
lifetime T" of the highly excited atomic configuration atomic core by a relatively simple procedure. Since the
represented by the coherently driven outer shell is then electron-kinetic energies are considerably above their cor-
given by responding binding energy, it appears possible to use a

first-order Born approximation3 in a manner similar to
that used to the study of electron collisions for K- and L-

Here, this energy is written in the form of a quantum with shell. ionization 3' and shell specific ionization processes in

magnitude Aw. Using Sv =v and estimating the average highly charged ions. 37 "3. Indeed, in the case of xenon
velocity v by equating the kinetic energy of an electron ions, cross sections for electron-impact ionization are
with the potential energy lost between two collisions available.39 It also seems possible to account for the tran-

2 = sition from adiabatic to sudden excitation of core elec-
eEb , (3) trons with a rather simple procedure.

The results illustrated in Fig. 2 indicate a complex andone obtains for the optical electric field
rapidly varying Z dependence for heavy materials. It has

2/3 not been possible to formulate a reasonable explanation of
E= V-,,- 2 8(4) this behavior solely on the basis of the systematics of

e nl" I "r valence-shell properties. 12-9 These results again point to

As an example, if we takeflw, =1! keV, n = 6 representing the significance of intershell couplings. Such couplings

a closed p shell, 6=0.1 A, and T=10 - 1s sec, then are manifested in an obvious way, for example, in Coster-

E-=2.0XI09 V/cm, corresponding to an intensity Kroning processes.4 Indeed, if we consider, as specific

1 = 10" W/cm 2. cases, giant Coster-Kronig (GCK) processes of the type
The value taken for the mean free path 6 requires some ns-.nP2ndcd (5)

discussion. It is predicted on the mean free path associat-
ed with the scattering of an electron, having an energy and super Coster-Kronig (SCK) processes like

considerably above the Fermi energy, interacting through np--mf,ef, (6)
a screened Coulomb potential in an electron gas. The
cross section 0 for this process, estimated, for exrmple, it is well established that strong perturbations 2 are
in the case of sodium,3' by Pines,32 to have a value present and that the single-electron picture seriously
ao- 17- 4,ra2 in combination with the electron density PE breaks down.' 3 These processes are sensitive to systemat-
characteristic of the xenon n = 5 shell, yields a -,cale ics of the shell-energy levels and, therefore, can exhibit
length 6-(po ,)- 1 -10- 9 cm. Interestingly, if we exam- sharp variation in their dependence on atomic number. In
ine the data for xenon in Figs. 4 and 5, we observe that particular, many-electron effects are prominent when
the maximum charge state Xe + , which corresponds to there is a degeneracy between single- and double-vacancy
-450 eV total energy,' 3 was seen for an intensity in the states that are strongly coupled. These requirements are
range of 10"-6107 W/cm2, figures not far from those commonly fulfilled and strong collective behavior arises,
represented by Eq. (4). Finally, since Eq. (4) is indepen- for example, in single-photon photoionization. 2 5"' 5 Sig-
dent of the frequency v, a weak dependence on frequency nificantly, in comparison with the results illustrated in
is expected. As shown in Figs. 6 and 7 frequency does not Figs. 2 and 4 these effects are known to be of impor-
appear to exert a strong influence on the average energy tame"-* over certain regions of the atomic number from
transfer. Certainly, no quantitative accuracy can be argon to the heavier part of the Periodic Table. A partic-
claimed for the estimate made above; its only significance ular case involves double photoionization of Ga in the en-
is that the general nature of the atomic response and the ergy region near the 3d ionization threshold. ILI
qualitative scales of the physical quantities, for what ap- The degeneracies of single- and double-hole states occur
pear to be reasonable choices of atomic parameters, are at particular values of the atomic number. Figure 8,
roughly that observed in actual experiments. which was derived from calculations" of neutral-atomic

It is informative to consider the case representing the binding energies performed with a relaxed-orbital relativ-
high-intensity limit. 1 ' 22  At an intensity of -10"9 istic Hartree-Fock-Slater analysis, illustrates the region
W/cm2, which we anticipate will be available soon with from 29Cu to ,g r. Near degeneracies in the n =3 shell
the use of subpicosecond rare-gas halogen lasers, the peak are indicated for 32Ge, 36Kr, and 37Rb. Moreover, since
ultraviolet electric field is more than tenfold ela, so that the 3p and 3d orbitals both have their maximum charge
loosely bound outer electrons can be approximitely densities at nearly identical radii,"* strong coupling be-
modeled as free particles. In this case, the problem twen these subehells is expected to occur. Indeed, such
reduces to that of the acceleration of electrons in focused couplings are known"' to produce discontinuous behavior
laser fields,3 an issue that, incidentally, is related to the in the L. and L01 satellite fractions as well as in the

alai-
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FIG. 9. La satellite (La)' to diagram (La)' line ratio as a
20 9 0 function of atomic number Z. The data are taken from Ref. 50.

The dashed curve corresponds to a theoretical treatment adapt-
"''- ed from a calculation performed in Ret. 51. Figure reprinted by

. ,;0 -permission.

- " shell vacancy which subsequently relaxes, generally pro-
30 32 3 A 36 t 40ducing multiple vacancies and excitation in outer shells.

In principle, the initial vacancy can be produced with ra-

FIG. 8. Atomic, relativistic ASCF single- and double-hole diative excitation,5 " 7 electron collisions,""' beam-foil
:evels for "Cu to Q. The energies were obtained from Ref. 48 methods, ion collisions," and nuclear-decay processes

a'nd the figure has been adapted from Fig. 17 of Ref. 43 appear- such as K capture.' 3 To these alternatives, the results
ng on p. 28. The arrows indicate the loations of near degen- of these experiments suggest that multiquantum processes

cracies between single- and double- vacancy states. Figure re- may now conceivably be idded. Furthenore, the nature
printed by permission. of Coster-Kronig processes provides a hint at the mecha-

nism that could make this possible. In simple terms, this
can be viewed as a reverse Coster-Kronig proes 43 in

Lpj. 4 /La and L~,IL6 intensity ratios as a function of which multiple excitations in outer shells generate excita-

atomic number Z. The data illustrated in Fig. 9 convey tions in more tightly bound shells. In this fashion we use
ti effect for the L. features for ato number in the the term "excitation" in a broad sense to include both

0 omic bound excited levels and continuum states (vacancies).
/icinity of Z = 50. In this case, the observation is con-
sistent with a critical atomic number of Z 50 for the For double and single excitations or vacancies, this mech-

3 M 4 wi t r- g transitical at o n. Thber dashf infor he p anism is basically represented by the reverse reactions ofLI-L3M45 Coster-Kronig transition. 11e dashed line aP-

pearing in Fig. 9 is a theoretical curve related to the calcu- processes (5) and (6), namely,
lation of Krause et al."5 The discontinuous behavior in Z ns4--ne 2nd,
characteristic of the data shown in Fig. 9 has a striking
similarity to that exhibited in Fig. 2. Similarly sharp
variations in atomic number have been calculated in the .- ndef. ()

Auger width associated with a 2s vacancy?' Interesting- Indeed, since these intershell couplings are sensitive to the
ly, it has been predicted'2 that plasma-hielding effects systematics of the shell binding energies, resonance ef-
can have a strong influence on autoonizing widths by fects' 3'" are expected in certain regions of atomic number
causing an energetic closing of the channel for Coster- Z for the reasons stated above. In summary, the similari-
Kroig transitions, although no such behavior has ever ty of the discontinuous character of the data represented
been actually observed. For a 2s vacancy with an argon- in Figs. 2 and 9 mentioned above plainly, although tenta-
like configuration, a sharp chane in the 2s width is es- tively, suggest a common origin for this general type of
timated for Z--22 at an electro. density of -5X l0 behavior, namely, the possibility that the electron in-
cm - . It should be possible to achieve such a plasma den- volved in the nonradiative relaxation of an atom in the
sity, under controlled conditions, with the use of a subpi- forward reaction (5) could, in the rerse process (Y), if
cosecond rare-gas halogen souros. We note that several driven by coupling to a sufficiently intense radiation field,
informative accounts of vacancy distributioms' and the generate a corresponding transfer of energy into an atom.

* behavior of autoionizing widths are available '
W4 Finally, we comment on some aspects of this general

Nonmaly, relaxation mechanisms involving intunhel line of inquiry which deserve exploration. It is of natural
coupling, such as Coster-Kronig and Auge processes, are and fundamental inter to further uxamine the proper-
experimentally observed by initially producing an inner- ties of the ionization process W with different ultraviolet

. .... .... *...~.,,_,.., . -'•-.,...-,,~, . ..... - ... , . -.%
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' frequencies, specifically 248 nm, since it is readily avail- B. Radiative properties
able at high intensities, (ii) over a greater variation in Z,
particularly in regions for which the intershell couplings Measurements of emission produced by the highly ex-
are believed to be large, and (iii) at intensities above 1017 cited states provide important information on the nature
W/cm 2. Studies of this nature, therefore, are obviously an of the coupling mechanism involved. Specifically, if the
important element of our current activity. Examples of interpretation discussed above in Sec. IV involving a col- IT
specific materials which appear as promising candidates lective atomic response with coupled atomic shells has

* for study are Ba, on account of the known 6 "- 6
7 sensitivity any validity, detectable emission at short wavelengths or

of the 4f orbital to the state of ionization; the lanthanids, energetic electrons would be expected.
on account of the unusual systematics associated with the Indeed, in a recent, although preliminary, experiment
filling of the 4f shell and the effects of configuration in- examining the properties of the xenon ions produced in
teraction"' 69 prominent for certain members of that se- the ion studies discussed in Secs. III and IVA which was r
quence; and 90Th and 92U, the heaviest materials" avail- designed to detect extreme ultraviolet radiation, signifi-
able for practical study. Finally, since molecular binding cant levels of spontaneous radiation and/or energetic elec-
is known to have an influence on the behavior of inner- trons have been observed.7 2 The spectral width observed"
shell transitions, sometimes with rather dramatic effects, in the radiation channel was determined by the 1500-A
such as that known for the 5d-f absorption of uranium,1  aluminum filter (10-80 eV) used. The schematic of the
a comparison of the ionization properties of certain apparatus employed in these studies and the signal ob-
molecular and atomic species is planned. served are shown in Fig. 10. The signal occurs precisely .

XUV DETECTION ARRANGEMENT
(a).

SIGNAL COLLECTOR

LIGHT SHIELD
TWO0-STAGE"-

dc bias polentlal MICROCHANNEL PLATE

o 1'o1 200 vols +. 15 00 A ALUMINUM FILTER

XUV EMISSION I.
193 nm RADIATION.

, psec TRAP

PULSE WIDTH 1)

-Xe GAS INLET

EXPERIMENTAL VOLUME.

1 - s1* C -3 DENSITY

p. -.

0

I A

0 -

0 Xe .'°

40 so 12o tO

TIME (nsec)

FIG. 10. (a) Experimental arrangement used to detect xuv radiation from highly excited atoms excited by 193-nm radiation at an
intensity -f - 10'-10'1 W/cm2. (b) ,.uv signal observed from xenon in the 10-100 eV range with - 100-V bias between the alumi-
num filter and the microchannel plate; some ringing of the detector circuit is evident.

. .. .. ... . . .. .... .
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at the time of irradiation of the gas with the 5-psec 193- tensity on the order of - 10t" W/cm2 . Studies of ion pro
nm radiation, vanishes if the xenon flow is terminated, duction, under collision-free conditions, exhibit
and is not observed if the xenon is replaced by other ma- anomalous behavior which implicate the atomic-shell
terials, such as krypton or hydrogen. In order to lim- structure as the principal determinant in the observed
inate the influence of electrons that could be produced by response. On the basis of the coupling strength observed
photoemission from the surface of the aluminum filter and the measured Z dependence, the experimental evi-
facing the microchannel plate from reaching the detector, dence points to a collective coherent atomic motion in-
a dc electrical bias of 200 V was applied to retard the volving several electrons, possibly an entire shell, as the
motion of electrons moving in that direction. Some evi- main physical mechanism enabling the scale of the energy
dence of an electron-induced signal was observed if no transfers seen. In quantum-mechanical language, states

negtie-baspotential wsused. Judging from the spec-negative-bias potentiio was th e udging fro f the representing multiple excitations appear to play a central
tral transmission and the electron stopping power of the role in the coupling, a consideration that fundamentally
I1500-A Al filter, we conclude that only xuv photons in distinguishes the nonlinear interaction of a multielectron
the region of 10-100 eV and energetic electrons exceeding Atom from that of a single-electron system.
a few hundred electron volts could possibly contribute to Comparison with standard theoretical treatments of
the observed signal. This observation is consistent with nonlinear processes, of either perturbative or nonperturba-
the excitation of an inner-shell electron state, presumably tive nature, does not produce agreement with the experi-
the 4d level in xenon, by atomic processes of the nature mental findings. Conversely, the formulation of a simple
described above. Significantly, recent experimentsP classical estimate qualitatively conforms to several
measuring the photoelctron spectra under identical ex- features of the observed behavior. They are, with particu-
perimental conditions have ruled out the presence of clec- lar reference to xenon, the shell character of the interac-
trons with sufficient energy to produce the observed sig- tion, the maximum energy transfer, the dependence of the
nal. In addition, the photoelectron measurements 73 reveal average energy transfer on the intensity of irradiation, thethe presence of several lines in the xenon spectrum which frequency dependence of the energy transfer, and the
closely match the pattern expected from N4.5-OO Auger weak influence of polarization. Furthermore, it is postu-

transitions, a finding which strongly reinforces the inter- lated that the sharp variations in Z noted for the heavy
pretation given above. Naturally, further experiments are materials is due to a reverse Coster-Kronig mechanism in
being prepared to determine the electron and photon spec- which inner-shell excitations are produced by interaction
tra of the observed emission more accurately, with multiply excited outer shells. These points naturally

Another class of experiments, intended to observe imply the existence of a systematic trend in nonlinear
stimulated emission from highly excited states, has also properties which extends throughout the Periodic Table.
been performed.' 4 - 7 In the experiment designed to o- This would then constitute a principle of classification
serve amplification in Kr in the extreme ultraviolet range, which appears to bear some analogy to that developed ear-
intense stirtulated emission was detected on five transi- her for electron potentials, binding energies, and electron . '
tions spanning the range from 91.6-100.3 am. An exam- scattering phase shiftso"
ination of the linewidths and tuning behavior of these
transitions led to a possible identification of the upper lev-
els as auti,-nizing neutral levels involving both singly ex-
cited innex ,hell excitations 7

5 and doubly excited configu-
.16,rations. 4 76, This is the first indication of stimulated ACKNOWLEDGMENTS
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ABSTRACT

The energy spectra of electrons generated by collision-free multi-

photon ionization of Xe, Kr, Ar and Ne irradiated at intensities up to

1015 W/cm2 with picosecond 193 nm (6.41 eV) radiation have been studied

with an energy resolution of N50 meV. For the first-time, the formation

of multiply charged ions by a sequential process of ionization has been

directly detected in the electron spectra . by the observation of a

characteristic pattern of interwoven above threshold ionization (ATI)

ladder line series. The appearance and relative intensity of specific

electron lines depends strongly on the presence of near-resonances and

features of the interaction involving the laser pulse shape, saturation,

and the shift of the ionization threshold arising from the influence of the

ponderomotive potential. The experimental results are compared qualitatively

with data from ion time-of-flight experiments and with differing models of

multiphoton ionization.
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1. INTRODUCTION

With the development of spectrally bright infrared and ultraviolet

light sources in the last decade, it has become possible to study the detailed

mechanism of nonlinear coupling of an intense laser field to isolated atoms

unaffected by collisions. Several experiments have been performed to

2-5 .
analyze the ion charge state production, determine the electron energy

6-9 4,10
spectrum, and to measure the optical radiation emitted. '  For processes

that occur under these conditions, one of the areas of substantial interest

involves the possibility of producing atomic excitations suitable for the

lbgeneration of stimulated emission in the x-ray range.

For a "weak" laser field (intensity < 101 W/cm2 ), thecoupling of radi-

ation to an isolated atom can be described fairly well within the framework

of lowest order perturbation theory (LOPT) in which only one electron at a

time is assumed to be involved in multiphoton ionization.1,11 However, for

much higher laser intensities (1012 - 1017 W/Cm2) ,.the situation is poorly

understood and other coupling mebhanisms involv ci many electrons may play

an appreciable role.

Experimentally, the electron energy spectra produced by radiation with

a quantum energy )b exhibit certain salient characteristics. A prominent

feature of the observed electron spectra is the process known as above threshold

ionization (ATI), a phenomenon associated with the absorption of a number of

photons N greater than the minimum value Nmin required, on energetic grounds, to

produce ionization.7'12 When N > Ni n the measured electron energy spectrum

consists of a series of discrete lines each corresponding to the order N

with an energy separation of adjacent orders equaling the quantum j4w.

Furthermore, it is found that the electron lines are not siqnificantlv shifted

13
by the effect of the ponderomotive force. Recently, two-photon free-free

14transitions have also been analyzed. In addition, the order of

2,.
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nonlinearity observed for higher order ATI 6lectron lines is approximately the

same as for the threshold ionization line, a finding which stands in contra-

13diction to WOPT. This result is, however, consistent with the order of
-15

noviiaearity measured in ion yield experimentsp although more recent

e:4>eriments may alter this picture. 1 6  It is also seen that certain low

energy electron lines disappear with increasing laser intensity at charac-

13
t ristic values which depend upon the frequency of irradiation. Finally,

hitjh energy electrons (> 100 eV) have been observed8.1 7 in low resolution

15 2
experiments with intense infrared lasers (> 10 W/cm2 ).

2,3,4
Studies of ion production by multiquantum processes have indicated

the presence of an anomalously strong coupling for materials in certain

r qions of the periodic table. It appears that the magnitude of this coupling ,. -

i-. sufficiently great that reasonable account cannot be made by a mechanism

involving the sequential stripping of individual valence electrons in a step-

w i e process. Furthermore, the results on ion production exhibited readily

observed dependencies on the atomic shell structure, or equivalently; the

ailomic number, and the frequency of irradiation.

The hypothesis has been advanced that multiply excited states representing

highly organized coherent motions of several valence shell electrons may

play an important role in the coupling at sufficiently high laser intensity.
18

This mechanism is an alternative to the sequential process described above if

the multiply excited state is produced by a direct multiphoton amplitude from

the neutral atomic ground state. Such an excited state would be expected to

decay by multiple electron emission to energetically available continuum .".

states. In addition, it has been shown theoretically, that multiply excited

btates of outer-shell electrons can transfer 
energy into inner-shell excitations.19'20

In this paper, we describe the results of experiments in which the energy

spectra. of electrons generated by collision-free multiphoton ionization of xenon,

.................. . . .°° .
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krypton, argon, and neon irradiated at 193 nm in the intensity range spanning

10 - 1015 W/cm2 were studied. The field strengths E corresponding to this
2 i -2

range are 0.06 < E < 0.60, as measured in atomic units (e/a ). This investigation

had two goals. One involved obtaining information concerning the mechanism of

coupling leading to the high ion charge states observed in earlier experiments 3 , 4

under similar conditions, while the second sought an understanding of the

conditions necessary for the production of inner-shell excitations by processes

of iktra-atomic energy transfer.

II. EXPERIMENTAL

A. 193 nm Laser System and Beam Properties

For irradiation of the target gas, a 193 nm picosecond ArF* excimer laser

21
system has been used. This system delivers, in both temporal and spatial

characteristics, a nearly transform limited output beam whose properties are

the lollowing: pulse energy 'u 40 mY, pulse -Length 5 psec, quantum energy

Xo 5.41 eV, and repetition rate It 1 Hz. In order to perform the experiments,

the 1,)3 nm beam v s focussed with a quartz lens (f = 205 mm at 193 nm) into

the interaction region of an electron spectrometer. As shown below, the focal

vollmne is several times larger than the diffraction limited value, a fact

mainly attributed to imperfections in the optical system such as spherical

abberation. It follows that the maxiium intensity produced in the interaction

reqi on is on the order of 10 W/cm . In addition to the-.short picosecond

pulse, amplified spontaneous emission (ASE) at X % 193 nm is also present and

may represent a substantial contribution to the energy in the form of a

10 nsec background pulse. 21 With no picosecond input into the 193 nm

amplifier chain, the 4, 10 nsec ASE pulse has an energy of u 50-100 mJ. Although

this relatively low intensity radiation produces no detectable ionization of

Ne and Ar, the intensity is sufficient to singly ionize a considerable fraction

of '-he experimental material in the focal volume for Kr and Xe. However,

"I ' """ - - -L" -- ; '.. "" - "' '- - "- " - /-.- "" - " - . ." "" " ': ° '" • " ' " . ' .
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examination of the distributions of the pulse energies for both the ASE and

picosecond components olkwed that the ASE focus only partially overlaps the

focal volume associated with the picosecond pulse. Consequently, the ASE 4
is expected to have little influence on the interaction dynamics of the pico-

second pulse with the atoms in the focal region of the short pulse beam. 
This M

was confirmed experimentally by changing the temporal position of the picosecond .
5
P. J

feature within the much broader ASE pfIse, a procedure which, in some cases,

altered slightly the relative intensity .of the electron lines. Therefore,.:no

.qualitative influence on the electron spectra'was present, Finallyr from

analyses of the-193 nm beam,21 it is believed that-the presence in the inter-

.action volume of large spatial and temporal spikes was unlikely.

B. Electron Spectrometer and Signal Processing .5-

The space charge produced in the experimental volume can appreciably

alter the characteristics of the observed electron energy spectra. In order

to minimize the influence of the space charge on'the electron spectra, it is

necessary to produce only a few electrons per laser shot in the focal region.

Therefore, the electron spectrometer should have a high collection efficiency

in addition to a reasonable energy resolution. The magnetic mirror time-of-

flight electron spectrometer designed for this purpose allows a collection

L solid angle of about 2w steradians at an energy resolution of approximately

50 meV. The principles of operation and physical properties of this type

22,23 2
of spectrometer have been extensively studied by Kruit and Read.24

The interaction volume, in which the electrons are produced, is located

in the strong field region ( 3000 Gauss) of a Co-S-permanent magnet as shown

in Fig. (1). The electrons produced are immediately bound to the maqnetic

field and execute a cyclotron motion as they are accelerated in the magnetic "

field q- ,dient alonq the symmetry axis of the spectrometer. The electronic

,,- ,-. ..-. -. .. ... . -.- - - . . . . . .. "-_
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trajectories, although complicated in detail, occur with conservation of the

total kinetic enerqy of the electrons. The laser polarization is oriented parallel 

to the magnetic field axis. Those electrons -emitted into the forward 2w steradian

solid anqle enter the low field region (5-1 Gauss) after travelling a distance

of abofu- 200 mm with their velocity oriented nearly parallel to the z-axis. -

The electron energy can now be measured with a time-of-flight technique. In

the 800 am drift tube region, which is shielded against stray magnetic fields

by p-me-tal layers to a value less than .10 rIG, a weak magnetic quide field of ..

0.5 - 5 Gauss is maintained by a solenoid. The time that the electrons spend "

in the drift tube can be increased by the application of a retarding electric

field, which considerably improves the energy resolution for the more energetic

electrons. The electrons are detected by a two-stage multi-channel plate

detector, (MCP-Chevron type), which is connected to a transient digitizer

(Tektronix 7912 AD). The data taking, processing and storaqe were handled by

* a PDP-V1 computer.
" propertie 24 ""i

The basic properties of the electron spectrometer are now described.

Without: retardation, the total flight time T for gn electron from the focal

volume at position 7. on the z-axis to the detector located at point ZD is
0

given by D

dz
E',e - (1) -

00

p0
5* . .., * * * * . . . ,::.. . . * .

• - . o*

* * *-* ,:.*. . . X:..- *. . . -- *5 *S: .S *.
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In expression (1) a is the initial electron kinetic energy, 0 < e < v/2 is
0 0

the angular -range of emission with respect to the z-axis, B(z) is the magnetic field

as a function of position along the z-axis, and B; B(Z o ). The time distribution

funion dn e/dt, for n 0monoenergetic simultaneously generated and isotropically

emitted electrons, which describes their arrival at the detector, is given by

F!e n 0B 0lld
1 '0 H Bz sin . (2)

02m cosO 1~ ) i

z
0

Phyr'_2ally, the spread in electron arrival times occurring at the detector

" arise-; from the influence of the magnetic field as the velocities of the

2
elec::rons become parallel. For anisotropic electron emission with a cos 2

24 2

dist.ibution, .Eq. (2) is multiplied by a factor of 3coS. Fig. (2)

illu:;trates the calculated time-of-flight distribution at the detector for

anisotropic emission along with the measured influence of the retarding

potential on tle electron linewidth.

The target gas uniformly fills the whole vacuuu system and typical operating

-8 -6pressures were between 2 x 10 Torr to 5 x 10 Torr. Experimentally it was found

that, depending on the laser intensity and the ionization probability, both the

effec ts of space charge in the focal region and detector saturation could severely

limit the highest useful gas density. The space charge tends to broaden the width

of the electron lines, as shown in (Fig. 2), and generates a low energy tail on

the distribution. Consequently, the total ion production was usually kept below

4, 1000 per laser pulse. At low signal intensity, the MCP was operated in an

event counting mode, a procedure which supresses electrical noise and allows inte-

qrat; on over several hundred laser shots. Since the background pressure in the vacuum

:/:2/ -,°, -,-'--:--.- .-. - *..*."... . ...... •"--.----.. .... ".
... ..... - - ".... . .. . . . . . . . . . . . . . . . .*'*d":'' *-" . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . '* "" * * * *• *" * ,*"-"'. .'. ." " , • .'*.*".*".-"
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system was less than 10 Tort, little interference in the measured spectra

was caused from electrons produced in this material.

However, since the single photon enerqy of 6.41 eV is higher than any

material work function, scattered laser radiation can copiously generate

photoelectrons on all surfaces, especially on the magnet facing the interaction

region which is located at a 6 -m distance form the focal volume. Despite

careful shielding, these electrons cause an energy upshift of all electron

lines by an amount ranging between %, 0 and u 0.8 eV, the exact value depending on the

-laser energy. In addition, a continuous distribution of low energy electrons was

*e tected which forms a background increasing in magnitude from about 'u 2 to lu 0 eV..

Calibration of the electron energy was performed by directing a small

*" fraction of the laser beam directly onto the MCP detector or by simply using

the prompt signal generated by scattered photons hitting. the detector. This signal

also conveniently provides the zero-time reference signal. The scale of the
w.

energy axis is then obtained by the identification in the spectrum of the ATI-lad-

der lines which are separated by ) = 6.41 eV. -This calibration can be checked

by shifting the electron lines with the retarding-voltage. Close to the

threshold of detection, at low laser intensity, low scattered light- level and low

gas pressure, the leading edges of the asymmetric electron lines coincided to

within 20 meV of their corresponding calculated positions. Contact potentials

have been avoided by covering all surfaces with a layer of graphite (Aerodaq G)..

The transmission curve of the spectrometer is essentially flat in the

energy range between -- 0.3 eV and i. I KeV. This property has been tested by

using a metal rod to establish an electric field across the interaction region

25which accelerates the photoelectrons. As is well known, depending

on gas pressure, very slow electrons can be trapped in the focal region. There-

fore, a decrease in the sensitivity of detection is expected to exist below

300 PcV at a density of U 10-6 Tort.

"A.... ......... _. ........... ,...... .- .. . .. ..;; ::...-L-...
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Since the maqnetic field diverges in the drift region, this type of

electron spectrometer exhibits a manification whose value depends upon -the Xatio of

the magnetic field strength in the interaction region to that present at the

detector. By varying the magnetic field in the drift tube, a circle with a

diameter between 'u 250 pm and 500 pm can be imaged onto the detector surface.

With this knowledge, an approximate estimate of the interaction volume has

been made through a comparison of the electron yield with the number density

of t te target gas. Working at a sufficiently high intensity so that the

ion. ation oi: the sample is saturated; aad taking into account the overall

. efficiency of detection (C" 25%), we find a diameter of approximately 18 Um.

This result is in good agreement with the value of lu 14 pm estimated independently

froiT the limit imposed by spherical abberation. Furthermore, the spectra are

observed to be insensitive to the position of the focussing lens when it is

moved along the laser beam axis for a distance of about I mm. This indicates

that the intensity varies rather slowly in the vicinity of the focal plane.

Since exact information on the intensity distribution throughout the interaction

vonne is not known, an uncertainty of approximately a factor of three remains

for the absolute laser intensity 6sed in these experiments.

II RESULTS AND DISCUSSION

In the following, the general characteristics of the measured electron

energy spectra are presented and discussed. Since xenon exhibits a more

rich and complex spectrum -than those characteristic of the other rare gases,

the features specific to this case will be emphasized in the discussion below.

A. Above Threshold Ionization in Rare Gas Electron Spectra

Figure 3 illustrates typical electron time-of-flight spectra recorded at a peak

lasex intensity of ' 5 x 1014... 1015 W/ for neon, argon, and krypton along with a

- .. .. . . .. -,. -. - . .-. ° * . .. * .-. .- *.. - .,. -.. . . .



2. "~ LW~ ~~W. r~" - --- '. -.-

I *

-73- IL

1 2
spectrum for xenon corresponding to an intensity of "' 5 x 1013 W/cm 2 . Also S

shown are the releVant energy level diagra 2 6 with the mltphoton transitions

and the electron emission lines indicated. The gas density was adjusted to

keep the total electron production below u 1000 per pulse.

Several features of the data are apparent. In addition to the prominent

* owest order ionization lines corresponding to the absorption of two photons

by xenon, three photons by krypton and argon, and four photons by neon, which

leave the corresponding ions in the ground ns 2 np52P,, 2 states, several above

threshold ionization lines are present. The intensity of the observed ATI lines,

however, drops rapidly with increasing order. Only in the case of xenon is a

resolved line present indicating that the first ion (Xe+) is left in its lowest

2 52 o
excited state ns np P

l/2*

Several relevant experimental parameters are summarized in Table I.

The measured ionization threshold laser intensities are well below the actual

peak intensities corresponding to these spectra, a fact which places them well

into the saturation regime in which the electron yield grows much slower

with increasing laser intensity than that characteristic of the threshold

27
region due to depletion of neutral atoms in the interaction region. This

means that a substantial number and, indeed, in certain circumstances, most

of the singly charged ions may be formed before the laser peak intensity is

attained in the experimental volume.

The experimental linewidth, if obtained under conditions of high resolution

for which space-charge broadening is avoided, allows an estimate of the upper

limit for the transition rate to be made. This width, which varies between

200 meV and 400 meV at the highest laser intensities used in these studies,

yields values for the transition rate spanning the range between 3 x 10 1 4sec -

14 m - 1 .
and 6 x 0 sec Since a full analysis of the observed linewidth has not

been perl-rmed, the actual transition rate could be substantially lower than

.'o. .o.° , . .,. . . . . , . . . . . **'.. . . . . .. -. . .- "*.~. -
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one of these transitions, cQrzcing in the overall prQceSS

2 61 2 5 O)452 52o o -(
4s 4p S + 2y(6 .41 eV) - 4s 4p (21)2 )6p + ly -b 4s 4p P 2 + e (5.25 ev), (5)

strongly favors the excitation channel leading to the J - 3/2 core level, the

.tate corresponding to the ground ionic term.. In comparison, the more.-

off-resonant channel

2 61 2 522o -o
4s4p S + 2y(6.41 eV) 4s 4p5( P )6p + ly 4 4 P + e (4.56 eV), (6)

o 1/2 p 1/2

-.Ath detLwdng 6E u 630 meV, leads to formation of the ion in the first excited

3tate. Thus, the near-resonance in process (5) explains the-absence or the

, akness of the 4.56 eV electron line cok'responding" to. reaction* (6) in the Kr

Sectrum. A similar situation holds for Ar, in which a two-photbn near-resonance, .

2 5
ith upper level configuration 3s 3p 4p. and detuning parameter 6E P-85 meV,

may'efthance ioniground state formation in the process
2 6 21(64 4352 1 s 32_, 52o0 + e V)i(7 -

3s 23p 61S + 2y(6.41 eV) - 3s p5 (2P 2)4p + y s 3p 2 e (3.48 ev). (7)

It should be noted, however, that the energy of detuning can change significantly

at high laser fields due to the dynamic stark shift, a fact that. can significantly

31,32
alter resonance effects of this kind.

The situation is complicated in xenon by the fact that the two-photon

energy (12.82 eV) falls in the energy region containing the autoionizing

2 52 o
Rydberg series which converges to the excited 5s 2p5P 1 2 ion state. On

account: of the rather close spacing of Rydberg levels, near-resonances occur

in this region. For example, the observed33 even parity state

2 5 25
5s 5p(P 1 /2 ) 5z '12-, which falls at 12.886 eV, has a weak field detuning

parameter of only 6E - +64 meV. This level, as well as other even parity

states, could have an appreciable influence on the overall transition rate.

%I.
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In xenon with 193 rm radiation, sufficient energy is available to

2 o 2peulate both the ionic P3/2 ground state and the corresponding 2Po- excited

state with three and four photon absorption. Interestingly, the observed
2 .2o -

br4aching ratio 1 for the corresponding electron line

intensities I gives

R= I (5.79 eV)/I (7.10 eV) u 5 and
3 e e

R4 = Ie (12.20 eV)/Ie (13.51 eV) " 4.

This indicates a strong enhancement of the channel forming the excited
20o
P 0 state, a finding that strongly contrasts with the statistical value of'O.5
1/2

and the measured ratio of. 0.62 for single photon ionization at a comparable total

34
* 2ergy. Branching ratios in other multiphoton experiments have been

35
reported to be R5 'u 1 for 5 photon absorption at )b = 2.81 eV and

"N = 1.35, 0.43, and &.3 for 6, 7, and 8 photon absorption at )b = 2.34 eV,

respectively.1 2 Apparently, several factors, including the laser intensity,

- tie presence of near-resonances, and the order of the process, influence

the value of this ratio.

Since the experimental results provide information on the relative

intensities of the electron lines originating from ATI-processes of different

order N, a comparison to other studies performed under different conditions

* 'an be made. As shown in Table I, a more rapid decrease is observed in the

ultraviolet at 193 nm as compared to the corresponding results obtained at

visible and infrared wavelengths.12 ,1 3 An experimental test ruling out normal

inverse bremsstrahlung as the mechanism producing the higher order electron

lines in the low density plasma formed in the focal region was made. On the

basis of the linear density dependence observed for the intensities of the

electron lines, inverse bremsstrahlung heating in the plasma was found to be " "

" insignificant at least up to pressures of 1%, 10 Torr, the highest values

% % 1 . . . '. .... * *. . -.. ** .. ... .... ., * .
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u.ed in the experiment. The signature of the bremsstrahlung mechanism would

bave been a quadratic dependence of the electron intensity on gas density.

Examination of the intensity distributions on the ATI lines also indicates

that the highly excited configurations of the neutral atoms occurring above the

;i.rst ionization threshold, as well as levels of excited ionic configurations, do

oot appreciably affect the rates of ionization for the observed channels. The

b)oxed regions shown on the energy level diagrams in Fig. (3) indicate the range

o F energies in which levels of excited'ionic configurations occur. AlthoUgh it

; seen in all four cases that these regions overlap the energies associated with

certain observed ATI features (e.g. N 8,9 in Ne and N = 5,6 in Ar), the.

intensities observed for these lines do not exhibit anomalous variations -in con-

*paison with other electron lines falling outside these specific energy regions.

*'kVrther comments related to this observation are reserved for Section III.B.5 below.

Theoretical values for the relative probabilities of ATI lines have been

36
c Aiculated by Chu and Cooper for hydrogen. Other analyses describing the dynamics

37 3
o the process have been given by Crance and Aymar and by Gontier and Trahin3 8

who assume a well defined spatial and temporal intensity distribution for charac-

terization of the laser beam. Although a quantitative comparison of our data with

these calculated hydrogenic probabilities is not strictly valid because of ex-

perimental uncertainties and the electronic complexity of the rare gas atoms as

compared to hydrogen, the experimental results qualitatively reflect the behavior

36 .38 -
p cedicted by the earlier work of Chu and Cooper and Gontier and Trahin.

Briefly, at ultraviolet wavelenqths, relatively low order processes

(e.q. N = 2 and N = 3) can energetically lead to ionization of the neutral

system for most materials. Because of this, the intensity level needed to

produce an ionization rate comparable to the inverse of the pulse width, a

condition that leads to saturation, is relatively low. Indeed, resonances

in the amplitude, such as those noted above for arqon, krypton, and xenon

...... . . "-..,........ " .........- ".".',....-'.............."'. ".".."... "'.,"' ,'"'""
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with 193 nm radiation, can further reduce this requisite intensity for

rapid- ionization. Consequently, during the risetine of the laser pulse, a

substantial fraction of the atoms can become ionized into the first ionization

channel before the intensity becomes sufficiently great to produce a comparable

transition rate for higher order processes. For longer wavelengths, which

require a higher order process to accomplish ionization, it is anticipated

* that the saturation intensity for ionization and the intensity required for

comparable ATI transition rates will have values that are closer together.

In addition, if the ATI process is pictured physically as an inverse-Bremsstrahlung

mechanism involvinq the intimately associated electron-ion pair, the absorption

rate at shorter wavelenqths is expected to be suppressed in comparison to longer

39
ones on account of the wavelength dependence of the absorption coefficient

* which, in standard form, is proportional to the square of the wavelength.

Therefore, it is expected, at ultraviolet wavelengths, that the enhancement

of the higher-order processes of absorption requires a sharp risetime of the

ultraviolet pulse. This condition, which is examined further below in Section

III. B.5, enables the intensity experienced by the atom to reach values of a

sufficient magnitude in a sufficiently short time so that higher order channels

.-.an compete effectively with those of lower order. In the present experiments,

the requirements of this condition do not appear to be well fulfilled. Highly

. charqed ions, however, because of the significantly increased energy of

ionization, may tend to exhibit more pronounced ATI absorption, since the order

N of the lowest ionization channel is greater, a condition that will generally A

lead to a substantially increased saturation intensity. The same consideration

applies in the comparison of the strengths of the higher order features of the

ATI spectra of the rare qases which are observed to increase in the expected

fashion (Table I and Fig. 3) from Xe to Ne.

-/"TV* ° 1.2:~~~f~
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Multiply excited atomic states 'may play an important role in the many-

crtuantrm absorption process, particularly if sufficient. intensity can be rapidly

applied to the atom and if appropriate resonances are present in the amplitude.

J a. eed, a picture base- on a collective atomic response involving several

01-. ctrons occupying excited orbitals has been considered in certain models.
4 0 ,4 1 ,4 2

Phese analyses display features which are, in principle, compatible with the

,i-ant experimental data.3'4

A ccmion feature of multiply excited atomic configurations is the

43
r'pecific issue of a discrete state coupled to adjacent continua. The

maplest prototype of these multiply excited configurations is doubly

,..*ited helium, which has an observed sequence of double excitations 44 46  
-

2
. beginning at approximately 60 eV above the (1s) ground state. More

.4lex multiply excited systems, known as planetary atoms, 44 ,4 7 have also

in considered.

The rare gases have been a prime subject of investigation of two-electron

48
-ocesses. Double ionization measurements are summarized by Holland et al.

i
photon energies in the 40- to 300-eV region. Whereas double ionization

He, Ne, and Ar in this region is due to pair excitation of electrons in the

-:nce shell, that of Kr and Xe is mainly a result of Auger processes

O) Lowing one-electron ionization of the core. Shake-up experiments in the

're qases have also been performed. Spears et al.49 have used x-ray sources

Io eject an inner-shell electron and observe the satellite lines in the

:hoto-electron spectrum, which are due to valence-shell excitation. Finally,

two-electron excitation in the photoabsorption of the rare gases was observed

44,50-54
Codlinq, Madden, and Ederer in the 8- to 60-nm region. Additional

i

..................................'?.
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55-64 -
theoretical treatments of two-electron excitations are available in

the recent literature.

Specific detailed information is available for argon, krypton, and

xenon for low lying multiply excited levels in the region below 50 eV.

1- krypton, the multiply excited manifold begins at "' 23.3 eV above the

neutral ground state52 ,6 5 ,66 and is, therefore, reached by a four quantum

process at 193 nm (25.64 eV. We note that the excited states in this

4e .. aon have been strongly implicated in the recent study6 7 , 6 8 of radiative

a.cihanisms exhibited by krypton under excitation at 193 rm. For argon, 3s

*ioor-shell excitation begins at 26.61 eV and doubly excited levels exist 5 0

JICoMe 29.0 eV. Finally, for xenon, autoionizing levels corresponding to single

5s-shell excitation and double 5p-shell excitation have been observed5 2

:bove ' 20.95 eV. Interestingly, although levels in krypton with single -[

4s-shell excitations and double 4p-shell excitations apparently play an important

67,68
role in the radiative response for 193 nm intensities in the range of

12 14 2
10 - -10 i/cm2 , no clear evidence for the influence of these states

on the ATI-ladder lines was observed in the electron spectra at an intensity

*14 2of 'V 5 x 10 W/cm2 , as shown in Table I. Similarly, as noted above, for neon,

argon, and xenon, the observed ATI pattern did not give evidence of substantial

influence arising from the known multiply excited levels. If the intensity

of the ATI electron lines is interpreted as a measure of the photon absorption

rate for higher order processes, only a fraction on the order of one percent

or less of the higher chargeI ion states produced could be attributed to this

type of direct excitation mechanism under the given experimental conditions.

B. Additional Lines in the Xe-Electron Spectrum

A question of principal significance concerns the identification of the

dominant mechanism responsible for the oroduction of hiqhly charged ions under

% ~.1-
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69
collision-free irradiation. The sequential stripping of single electrons " "

with increasing laser intensity, a stepwise process which leaves the ions in

their ground or low excited states, should generate an electron energy spectrum

consisting of a group of sharp lines which accompanies the normal ATI-ladder

s-5 res associated with the neutral ground state. In an alternative process

inv,.Aving the direct multiple autoionization or photoionization of multiply

e L.,. i ted states, the liberated electrons can mutually redistribute the excess

en .7:gy available and generate a continuous component of relatively low energy *

electrons to the measured spectrum. In addition, atomic inter-shell energy

transfer may occur in which energy associated with the excitation of outer-

shell electrons can be communicated to inner-shells by an interaction that

19,20
has been pictured as a form of dynamic configuration interaction. The

inner-shell excited states produced could subsequently decay radiatively or

by the emission of Auger electrons with characteristic energies.

Experimentally, all of these different excitation and decay channels

can occur simultaneously in the interaction region, a situation which may

seriously complicate the interpretation on the observed electron energy

sfpcctra. Some simplification, however, arises from the use of ultraviolet

quanta because the characteristic spacing that occurs between ATI lines is

rel atively large, a factor that nore readily permits resolution of fine details

in the spectrum.

Evidence for the presence of the sequential process is shown in Fiq. (3)

for xenon. In this case, at an intensity of "' 2 x 10 W/cm2 , a weak line

2+ 2 4 3
at 4.44 eV is observed which indicates the formation of the Xe (5s 5p ) P2

ground state which arises from a four photon absorption from the Xe
+ (5s 25p 5 P3 2

ionic ground level. Upon an increase in the 193 nm laser intensity, the energy

distribution of the electrons observed in the xenon spectrum chanqes dramatically,
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as shown in Fig. (4) ,. a low resolution time-of-flight recording spanning

the energy range between - 0. 3 eV and u 100 eV. It is seen that the lowest

order ionization line weakens and splits nearly symetrically into two features

whose separation grows with increasing intensity. At the greater intensity,

the line group around 5 eV, comprised of the two 3-photon ATI-ladder lines

and the 4-photon line indicating the sequential Xe2+ ground state formation,

begins to dominate the spectrum. In addition, a broad quasi-continuous

feature at % 3 eV and new line groups between It 8 eV and 30 eV are

apparent. In Fig. (5), the Xe-spectrum is displayed with high resolution at

15 2an irtensity of v 10 W/cm and converted-to a linear energy scale. More

than wenty sharp lines are visible in this spectrum. In order to interpret

this omplex spectrum, several physical effects have to be considered.

1. Shift of Ionization Thresholds

The weakening of low energy photoelectron lines with increasing laser

13intensity has been reported by Kruit et al. in experiments at 1.06 pm.

Subsequently, several theoretical papers have appeared giving descriptions

and explanations of this effect.36 ,70- 74 In the discussion below, we adopt the

analysis developed by Szdke..

The energy conservation governing the motion of an electron undergoing

photoiunization by a multiphoton process in an intense electromagnetic field

is expressed by the relation

E~2 2E-0e P2
E lo (E) (8
D (N )  Aq Aq+ + 4 ---2 2m

In expression (8) c (N) is the energy of the "dressed" atom (ion) state and
D

C ( f; and A (E) are the energies, respectively, of the initial state of the
Aq Ao+l

q- .,-3 charged ion and the final state of the q+l-charged ion in the electro-

5,,
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magnetic field E. Both states are shifted in energy by the dynamic stark

effect by amounts given by

AE (q W)RE A ~- E 02(0) and (9)

ACAq+l(E) =  Aq+l(E) - EAq+l (10)

from their zero field energy. This effect is usually small ( 1 100 meV) for

the more tii-tly bound initial states (ground levels) of the rare qases. The

last two tc'i, t.wns represent the total motional energy of the electron, which

consists of the piece described by the ponderomotive potential, which arises

from the oscillatory motion of the electron in the alternating field, and the

term denoting the translational energy with momentum P. The oscillating

74
motion of the ion is neglected in this expression, since its very large mass

causes that ,ntribution to be extremely small. Once the electron is outside

the influen- of the ionic coulomb field, it cannot emit or absorb real photons.

It hs be. 2eviosly how 7 5
It has bee.- oreviously shown 5 that the influence of Compton scattering is

entirely negligible under the conditions relevant to these experiments.

Therefore, the total energy of the electronic motion is conserved and the

component p resented -by the rapidly oscillating quiver motion is converted

76
into trans . i onal kinetic energy by the ponderomotive force as the particle

moves to tit Aero field region (E - 0) on its way to the detector.

The e_ itial point hereis that, if the electron is excited to a.total

energy in tite continluum less than that -associated with. the ponderomotive poten-

tial, namej ,/, the quiver energy, lderthose*field conditions-it cannot escape

from the Coulomb potential and is trapped. This is equivalent to statingi

that the ionization or continuum threshold, which can be defined as the series

limit characterizing the liberation of a Rydberq electron from a "dressed"

state, is upehiftdd by an amount equal to the quiver energy.- Therefore,

the expression

.. •,•. . ... ... . . . . . ............. ..
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-2 2

0~--- +c CE) -A E),()..T() =T o + 2 -nAq+ Aq

in which T = c (0) - C (0) is the usual low field ionization threshold,
0 Aq+l Aq

can be considered as a generalized ionization threshold. The principal conse-

quence of this condition is the closing of low energy ionization channels above

certain characteristic laser intensities. This effect has been discussed
-

earlier by Razier.29 Furthermore, since the total energy of the electron

after the multiphoton absorption event is conserved, its deficit in trans-

lational kinetic energy in the high field region is regained upon expulsion

from that zone, leaving its kinetic energy altered relative to a low field

event only by the small difference arising from the dynamic stark shifts

of the initial and final atomic or ionic states. This situation holds for

the condition 1hat the escape velocity of the electron is sufficiently
75 "

fast with respect to the rate of variation of the laser field.

These considerations lead to a characteristic behavior for the electron

spectrum of an ATI-ladder of lines. As the peak intensity of irradiation is

increased, the lower energy ionization channels close and the spectrum of

emitted electrons shifts towards the higher order lines while the line positions

remain nearly unaffected. It should be noted, however, that a perceptible

shift of the electron spectrum could already occur before the lower energy channels

3,8/1,73 -
close.3 '' Further, on account of the w dependence of the ponderomotive

potential, the radiative influence on the shift of the ionization threshold

is considerably stronger in the infrared region than in the ultraviolet.

Interestingly, energetic electrons have been observed in experiments

conducted at 1.06 Pm at a peak intensity of % 13 W/cm2 . In these relatively

-.N A
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8,17

low resolution studies, performed by Baldwin, Boreham, and Luther-Davis,

electrons with energies up to several hundred electron volts were detected

-, and the origin of th&ir acceleration was attributed to the ponderomotive force..

However, the unshifted line positions observed by Kruit and coworkers seem

to be at variance with this result. In this connection it is noted that, due

to the upshift of the ionization threshold by the ponderomotive potential,

the lowest ionization channel open for 1.06 Um radiation at this intensity

-" corresponds to a transition involving several hundred photons. Of course, I

low energy electrons are simultaneously observed as a result of ionization

early in the rise of the pulse or from generation in peripheral regions of

the interaction volume that are exposed to A lower intensity. Similar findings

have been recently reported by Lomprd and coworkers 1 6 who observed, in low

energy resolution experiments, electrons with energies up to 50 eV. In this

16 In
case, it was assumed that the virtual excitation of multiply excited states

" enhanced the probability for ATI processes. However, this analysis did not

take into account the radiative shift of the ionization threshold.-

The -relative weakening of the two-photon (0.7 eV) ionization line and the

related strengthening of the-three quantum ionization lines observed in the xenon

electron spectrum can both be attributed to the closing of the lower (0.7 eV)

channel throughout a considerable fraction of the interaction volume. The in-

67

tensity of :193: n radiation necessary to shift the ionization threshold an energy

eqialn to07e si2x114 2equivalent to 0.7 eV is -x 2 x 101 W/cm , a value in good agreement with our

experiment. On the other hand, these results indicate that a substantial

fraction of neutral Xe atoms is still present when the laser pulse reaches ,

14 2the intensity of v 2 x 10 W/cm2 , since most of the observed higher order

processes appear to occur between that value and the threshold closinq of the

I.'o

.................................................................................................



three-photon ionization at 1.5 x 1015 W/cm2 . The closing of the latter

channel is not observed in these experiments indicating that intensities

greater than 1.5 x 1015 m2 were not produced in the current studies.

2. Dynamic Stark Splitting of the Xe Two-Photon Ionization Line

The splitting of the two-photon ionization line at ' 0.7 eV in xenon

illustrated in Fig.. (6) that develops with increasing 193 ram intensity ."

10 2 12 2occurs in the intensity range between " 10 W/cm and 16 10 W/cm . Since

these intensities are rather low, the splitting is readily observed with the

relatively low power ASE pulse % 10 nsec duration without the presence of

the considerably more intense picosecond radiation. The experimental signature

of the splitting appears to rule out a spurious instrumental origin for this

effect. The splitting is seen to be independent of both pressure and the

position of the interaction region along the magnetic field axis. The influence

* of space charge generated by scattered 193 nm radiation from surfaces has been

examined by independently illuminating the surfaces near the interaction zone

with a separate beam. As a result of the charge density produced in this way,

the line is shifted to higher electron energy with a perceptibly altered

shape, but importantly, with the splitting preserved.

As noted above, the two-photon absorption in xenon is distinguished by

the fact that the equivalent two-photon energy is located in the autoionizing

2 52oRydberq series converging to the 5s 5p P series limit, a property leading
1/2

h 77
to the presence of near resonances. It is well known that if a sufficiently

strong coupling is established between two states by an intense resonant field,

a splitting can develop which arises from the dynamic stark effect of the

"dressed" atomic states. For the circumstance in which the upper state

is an autoionizinq level, the influence of the Autler-Townes effect on the

electron energy spectrum has been studied extensively by K. Rzaiewski and

%.
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79

Eberly for a transition involving a single photon.- Moreover, this

dynamic stark splitting, in the context of multiphoton transitions and

electron energy spectra, has been discussed by Laropuolos and Zollerla
73 2

and Bialynicka-Birula.7 3  Both the near resonant discrete state and the _

continuum are coupled to each other by the coulomb interaction as described

80
in the model developed by Fano. The energy distribution of the photoelectrons

released from the autoionizing state acts as a probe to detect the splitting.

The actual shape of the resulting photoelectron line depends sensitively on

the parameters governing the behavior of the system. The relevant parameters

are the radiative coupling strength linking the two resonant levels, the

autoionization linewidth, the laser bandwidth, the pulselength, the dephasing

rate, the intensity dependent detuning of the laser from the discrete resonances,

and the Fano asymmetry parameter. We tentatively interpret the observed

splitting of the 0.7 eV line in xenon as arising from the dynamic stark effect.

Sy fitting the measured line profile to the parameters mentioned above, the

observed electron line shape, including the intensity dependence, could be

reproduced for parameters representing reasonable physical values. A more

detailed analysis is currently underway and will be published elsewhere.

3. Evidence Concerning High Charge State Production

Table II lists the relative ion charge state abundances for Xe, Kr,

and Ar which have been obtained previously in an ion time-of-flight experiment,3'4

under conditions which are similar to those of the present electron energy

measurements. These data are presented along with the expected relative electron

yield for each charge state for two distinct limiting cases. They are (a) the purely

sequential and (b) direct processes, respectively. According to this comparison,

in the direct process, approximately 70% for xenon, 30% for krypton, and 15% for

argon of all electrons that are produced arise from the formation of hiqher charged

--. . .9..-... .- . ... .- .9-. , ,-, :1:
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ions. It is expected that these electrons would contribute a relatively low

energy continwm to the electron spectra. No unambiguous evidence for the

existence of such a contribution to the continuum has been found, but its

presence could be obscured by the surface background electrons produced by

scattered radiation and the low energy wings of the prominent ATI-ladder lines

shown in Fig. (3). The gas density has been kept low in order to avoid detector

saturation caused by the higher energy lines. The possibility that these

electrons are trapped in the space charge of the residual ion cloud was tested

and ruled out by the application of a static electric field across the interaction

region.

If the model of sequential electron production is adopted, several

channels for ionization have to be simultaneously considered on account of the

number of possible excited states that could be produced in conjunction with

the distribution of the observed ionic species. Table IIIa lists some of the

processes which are believed to be significant. They are, of course, related

to the observed lines illustrated in Fig. (5). As shown in the figure, the

-. lines which are manifest in the measured xenon electron energy spectrum for

intensities above ". 2 x 10 W/cm closely match a pattern of overlapping ATI-

ladder series with each series associated with the population of a respective

ionic state. The branching ratios for the different excited states of the

residual ions are not known and, as discussed in Sec. III. A above, may depend

strongly on intensity dependent resonances. We note the accidental coincidence

of several line energies, a fact which makes it difficult to isolate certain

individual ladder contributions, especially those for processes leading to Xe
3+

and higher charge states. The lowest energy lines are seen to be grouped in

the range between 'u 2 eV and " 6 eV. More energetic groups are apparent with

":'7]
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corresponding spacings of lines given approximately by the photon energy of

* f.41 eV. Estimates of the relative intensities for the most prominent lines

•. .-re listed in Table IV. Except for the first group of lines in the 2-4 eV

,'ange shown in Fig. (5), the relative line intensity within each of the hiaher

•aergy groups is repeated, although the absolute intensity of these features

dtcops rapidly with increasing energy. At a density of % 2 x 10 Thrr, weak

I ,e groups up to an energy of " 60 eV could be observed in this experiment.

These data indicate that in the sequential production of the higher charge .

itates of the xenon ions, ATI occurs with a greater probability than in the

m ltiphoton ionization of the neutral xenon atom. This observation may be

attributable to the higher saturation intensity expected to be characteristic

* ,E the ionized species resulting from the larger energy of ionization and the

r',orrespondingly greater order N of the threshold process. The comparison of

cte relatively weak qroup of lines in the 2-4 eV region of Fig. (5) with those

[uies of the next higher order indicates that the lowest order channels close,

least for- the maximum intensity region of the interaction volume. The .

,Losing of these channels corresponds to a range-of intensities spanning from

' 5.6 x 10 14W/cm2 (% 2 eV) to ' 1.4 x 10 W/cm2 ( 5 eV). This closing of

the lowest order channels of ionization could explain the fact that the lowest

fnergy feature (f5) in the next higher order group is the most intense. A close

!xamination of the line energies reveals that the individual ATI-ladder series

i'- shifted in energy relative to each other by an amount on the order of

" 50 meV. Although these apparent shifts have to be interpreted with caution,

si.nce they may be subject to the influence of space charqe induced by scat-

hred radiation, they may represent the relative dynamic stark shifts of the

Initial and final ionic states according to Eq. 11.

a . .. * . . ..- - . * * . . .
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The total integrated intensity of-the neutral ionization lines is

approximately. equal to that of the ionization lines arising from the ions.

As presented in Table II, the sequential process can account for the total

ion production observed in xenon to within the experimental uncertainty.

Trhe question of the existence of an additional continuum contribution underlying

the densely packed features between 0.5 and 6 eV, although possible, cannot

be answered with the eneigy resolution available in this experiment. L'Huillier

and coworkers8 1 concluded from their experimentpl ion data that direct excitation

of the neutral atom is the dominant process at intensities below the saturation

level. Above that intensity, due to the depletion of neutral atoms in the

interaction volume, the sequential ionization of ions becomes increasingly

important. This view is not in conflict with the results of the present work,

. since the spectra were taken well in the saturation regime. The direct

--xcitation prtcess could become significant at ultraviolet wavelengths for the

p production of charge states higher than the triply charged ion, because the

;ituation for these species, as noted in Section III. A above, is similar to

that governinq the interaction of atoms with infrared fields.

More in ormation concerning the competition between the sequential and ."

direct processes should be obtainable from a study of the electron spectra

of the other rare gases. The behavior of xenon contrasts with that exhibited

by argon and krypton. As Table II shows, the electron contributions arising

from the formation of higher charged ions is considerably less for argon and

15 2
krypton at intensities below 'u 10 W/cm than they are for xenon. In addition,

for krypton the experimental situation is aggravated by the fact that the low

.. energy electron continuum between ". 0 eV and 1w 2 eV generated by scattered

radiatkrn may obscure all weak line features in this range. Furthermore, the

-7
krypton pres . ire has to be kept below % 2 x 10 Torr in order to avoid

.. .--,'* .* *. ** *



-91-

detector saturation caused by the dominant 5.24 eV-line shown in Fig. (3), j.]
an effect which will suppress any lower energy features.i The seuentialionization of the Kr 20 '

The sequential e P3 2 ground state to the ground

2+and low lying excited Kr -ion states produces electron lines grouped around

0.9 ev - 1 eV for 4-photon absorption (Table IMT) and around 6.8 - 7.5 eV '

for 5-photon absorption. The lowest order channels close at intensities in

14 14 2the range of 1.5 x 10 - 3 x 10 W/cm2 . A careful study of many electron

spectra recorded under different experimental conditions revealed that the....

feature observed in the krypton spectrum shown in Fig. (3) between 6.5 eV

and 8.5 eV can be associated with these 5-photon processes.

2+In Ar the sequential Ar formation leads to electron lines around

4.3 eV (Table III.c). The inset illustrated in the argon spectrum of Fig. (3),

which was recorded at a higher energy resolution, clearly shows the expected

feature, but slightly upshifted at around 5 eV. In addition, on the low

energy side of the structured peak occurring at 4 10 eV, another line is

seen which corresponds to 6-photon ionization of Ar p3,2 with the final-
2+./2

Ar2 + ion in the excited D2 level (Table III.c). The combined intensity of

these lines, relative .to the neutral Ar ladder sequencer arroximately reflects

+ 2+
the measured relative abundances of the Ar' and Ar ions listed.in Table II.

If the direct process is important for argon and krypton and if a

substantial fraction of the electrons produced comprise a relatively low

energy continuum, then the experimental difficulties noted above interfere

with their detection. Also, we recall, from the discussion in Section III.A,

that the probability for direct muwltiphoton absorption above the second

ionization threshold must be quite low under the qiven experimental conditions.

A-'.A°'
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4 .. Multiphoton Inner-Shell Excitation
In addition to the photoionization of outer-shell electrons, highly charged

- .ions can be 1k. final result arising from the initial formation of an inner-shell

"' vacancy foll. owed by electron rearrangement with the emission of radiation and

82-86
Auger el +. I ons in a cascade process. The Auger spectra of the rare gases

87 .
have been -. iasured using both single-photon and electron impact ionization.

In multil. i)on experiments inner-shell excitation is possible, in principle,

either b_ , irect high-order multiphoton coupling to the inner -electron or by

energy transfer from multiply excited outer-shell configurations. For the latter,

it has bcui possible to formulate a model describing a possible mode of intra-

shell conpi ng by drawing an analogy with fast ion-atom and atom-atom

collisio- 19,20 The known properties of free atoms suggest that this kind of

couplinq (cnuld be quite strong, particularly in certain regions of the periodic

table.4  Li Xe, for example, the 5p, 5s, and 4d shells exhibit substantial intra-

shell co.rl lng and behave in a collective fashion like a single super shell. 8 5 ' 9 5 9 7

Direct i .c -shell photoexcitation by the ultraviolet radiation is expected

to be tuilPl+ty because of the screening9 8 provided-by the outer-shells, an
'4

effect w,'.k is significant because the single photon energy is below the outer-

99shell excitation energy. However, at very high laser intensities, the strong

inter-she Li. coupling is expected to cause a nonlinear response of the outer-

shell el. crons to the laser field and, consequently, the generation of higher

harmonic. of the field, which can then penetrate to inner-shells and cause their
a.i

ionization.

Independent of the mechanism of excitation, the Auger decay of an inner-

* shell vacancy should result in an electron energy spectrum with a characteristic

pattern of lines. The spectrum consists of the principal decay line, -leaving

the doubly charged ion in the ground state, and an array of satellite lines caused

by elect- .. correlation9 5 ,96 (shake-up) which leads to ion formation in an

excited :;. >te.

IL.-, . . . . . .- .
I ," , '. -' . . " " .+. '". ... ".. . . .... .. "..... ... ..- +< -" "*'..+'' ." •. ... "" . ' . '" ' .. '." +.-* ' . - .. .'+. .'1
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*~ 92 62
In xenon, the energies of the 4d 5s 5p D 4d-hole states are

5/2,3/2
known9201 to be at 67.55 eV and 69.52 eV, respectively. The corre8pondinq

energies for the krypton 3d-hole states 3d 94s 24 p62D5/2,3/2 are measured 101

to be at 93.82 eV and 95.04 eV, respectively. The strongest decay lines in the

N 4,-00 Auger spectrum of xenon are grouped around 35 eV with observed9 2 , 9 4

- low energy satellites extending down to 4, 8 eV. In the M4 5 -NN Auger spectrum

of krypton, the corresponding lines 9 3 are grouped around 55 eV with satellites

of significant strength down to 25 eV. However, a close examination of our

15 2electron spectrum for xenon for intensities below 10 W/cm , although revealing

* several prominent lines in the 8 - 22 eV region with spacings matching1 0 2'1 0 3

- 92
the known 4d92 - 4d fine-structure splitting of 2 eV, does not give

d5/2 3/2

"- evidence for the expected features in the v 35 eV range. At the same time,

" as described in Section III.A and shown in Table III,a and Fig, C5) the mnin

.* features of the observed electron spectra for xenon at intensities below

15 2[' 10 W/cm can be understood as arising from ATI-ladder sequences involving

+ 2+ 3+" the formation of Xe , Xe , and Xe with allowance made for the production

of certain identified excited ionic states. Experimentally, the accidental

coincidence, for 193 Inm radiation, of certain ATI lines with the energies

• .characteristic of the low energy satellites of the xenon to 4d-Auger decay

prevents isolation of any Auger features even if present in the data. Never-

theless, the possibility exists, that under appropriate circumstances, an

inner-shell vacancy produced in a nonlinear process would undergo an Auger

14 -1
decay with a rate on the order of 10 sec and electron energies characteristic

104
- of the charge state involved. Since an atom responding in this way would

be strongly perturbed by the intense ambient electromagnetic field, considerable

energy shifts,10 5 variations in the level widths, and changes of the branching

'2 ratios for Auger transitions are expected. In this connection it is interesting
b" •
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4V
to recall that, in preliminary experiments conducted at 193 nu intensities

in the 1016 - 1017 W/cm2 range, evidence was found for the production of

energetic radiation (10 ev < b < 80 eV) emitted by xenon with irradiation

under collision-free conditions. Radiation of this energy could be produced

by inner-shell transitions8 6 or the emission of flouresence, following' the
-

m-ltiphoton excitation of a near resonance in the outer-shell of a xenon

ion. However, since no evidence for such a process has been found in the

e-lectron spectra, the probability for this process at intensities below

15 210 W/cm must be fairly low unless the process of autoionization is

suppressed or energetically forbidden.

Competition between Direct and Sequential Processes

The present results on electron spectra indicate that the process of

c:equential ionization, modified by the presence of ATI, dominates the

production of the electrons observed. However, it has also been indicated1 9 ' 2 0

that a direct mechanism of interaction, capable of producing both multiple

103
ionization and inner-shell excitation, could occur if certain motions

)f the atomic outer-shell electrons can be driven by the incident electro-

magnetic field. In the competition of these two mechanisms, we now examine

the nature of the conditions necessary for the enhancement of the direct

process.

In order to maximize the probability for energy transfer between multiply

excited configurations of outer-shell electrons and those occupying inner-shell

orbits, the decay rate of the outer-shell excitation by electron emission must

be sufficiently low10 6 to permit the overall act of multiquantum absorption,

involving both the excitation of outer electrons by the radiation field and

the inter-shell energy transfer, to occur. Specifically, we want the escape

of electrons from the vicinity of the atomic potential to be retarded. A
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possible means to achieve this is through the presence of the ponderomotive 1

potential (of Eq. 8)

2 2
e2E (t)

U(I10,t) 2 0 (12)
4n2

provided that its strength can be developed with sufficient rapidity to effec-

tively discourage electron emission into the available channels. In expression

(12) the explicit dependencies on laser intensity I through the field strength
I.W

Z0 frequency w, and time t have been indicated. One possible statement of the

condition necessary is that the ponderomotive potential U(Iw,t) increases an

amount equal to the quantum energy (06) in the time scale T characterizing
e

electron emission during the course of irradiation. In this situation, the atomic

electrons experience a sequence of closing channels at succesively higher energies

as radiation is absorbed by the atom. This statement can be written as

• U(I,,tl)' 
1 

)(13)

-- t. T ( 3
*"e %

Since the ponderomotive potential [cf. Eq. (8)] can be written as

2,](1J-',t) 21= t) , (14)

the result

-t 2- e2  (15)
dt 2
dt 2we Te

follows. If, for simplicity, we consider a triangular pulse with a maximum

intensity I which rises linearly in time over a period T, equation (15) for
0

the theoretically required condition can be put in the form

Io mcd 3
- =2 (16)T 2e2 .

2we T
e

7I-

S. . . . .
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or equivalently,
2m

2we2 2
0 0

T T( -(Ova) T(=-) (17)e 3 eI
• 1 uc(---. a,(,olt l ) ]

with

.I n (18) '-

and a denoting the fine structure constant. In expression (17), for the time

scale T necessary, two parameters occur. One characterizes the maximum intensity

ro, a factor under experimental control, while the other is the electron emission

time T , viewed in this simple picture as an intrinsic atomic parameter. It may
e

be, of course, that T is influenced by the instantaneous intensity and the ordere

N of the process, but these complications are not considered here.

An approximate value for the time scale T can be related to the data
e

on the electron spectra shown in Table III, Fig. (3), and Fig. (5). We observe

that, although ionic excited states are evident, no levels with excited

configurations are present. Specifically, no state representing a configuration

involvinq an excited (n,Z) orbital is detected and, as discussed in Section III.A,

no influence of such excited states was seen on the intensity distributions

of the observed electron spectra. This experimental fact suggests that the

process of electron removal is adiabatic with respect to the electronic

orbital motion. Equivalently, shake-up arising from the electron emission

is negligible. Since all the ionic species of xenon listed in Table III.a

have states with excited configurations lying approximately26 10 5cm- 1 above

their respective ionic ground states, the time T should be long compared to
e

3.3 x 10 - 1 6 sec in order to respect this condition for adiabaticity.

Therefore, for the estimates furnished below in Table V, we will use the

-15
value T 10 sec.

e

p.°o,
oS

o.-°
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Table V contains a compilation of the parameters for several extant studies

of collision-free nonlinear processes and gives the characteristic ranges over

which these experiments have been performed. The conditions of these studies can

then be compared to the criterion stated in Eq. (13) by the introduction of a

factor y defined as

* Y= I (19)
ex/ p

the experimental counterpart of the theoretically required condition stated in

Eq. (16). The column (3/y) then gives a direct measure of the departure of the

experimental conditions from that expressed in Eq. (13). Specifically, values of
.4

B/y > 1 indicate that the necessary conditions are not satisfied. The large values

of /-y shown in Table V demonstrate that all the experiments conducted thus far

fail to satisfy the conditions of Eq. (13) by a significant margin, most by factors

of a thousand or more. Therefore, within the framework of this type of physical

picture, the sequential process would be expected to play the major, if not dominant

role, in these experiments. Finally, a comparison of the peak ponderomotive potential

17
U (Iex, w ) appearing in Table V for the experiment of Baldwin and Boreham, who

ex'.

observed a maximum electron energy of 400 - 500 evf, shows that the observed electron

energy corresponds approximately to a value one order of magnitude lower than the

peak ponderomotive potential. This correspondence qives an indication of the physical

significance of the criterion estimated with Eq. (13).

We now inquire into the possibility of entering the reqime for which O/y < 1,

the range of intensities and pulse widths which is in conformance with the qeneral

criterion of Eq. (13). On the basis of earlier estimates4'1 9 '2 0 it has been suq~ested

that the direct process is favored if the atom is exposed to a radiative electric field

2 18 2
E significantly-.geater thah an atomic unit (E - e/a) An intensity I = 10 W/m

a value corresponding to a few atomic units of-electria field and believed to be

technically feasible with modern light sources, would satisfy this condition. Thqre-

fore, we will use this intensity scale in order to estimate the maximum pulse width ..

permissibls for'248 nm radiation. ft the-wavelength of-248 no, I .3.9 x. 10 W/CM 2
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or equivalently, .- 5 x 1029 _/2 -sec. Consequently, B/y - 1 implies that

STp a 1.2 x 10 1 2 sec. Therefore, a KrF* (248 nm) source capable of 1 ps

operation and focusable to % 10 W/cm would enable experiments to be

conduted under the appropriate, physical conditions. Fortunately, the technical
lbr

feasibility of such an instrument is manifest, so that studies in this inter-

estinq physical regime will be conducted in the near future. According

to tUO. analysis, with irradiation at 248 nm at a peak pulse intensity of

18 2
10 W/cm , the electrons would be trapped in a ponderomotive potential

with i depth of several kilo-electron volts.

1, inally, the simple picture presented above can be viewed in a manner

simi.A-r to that used in the description of atomic collisions which involve

10810a cu, i-* crossing. If the transitions between adjacent "dressed" levels10 9

corresponding with the ATI channels are regarded as a level crossing phenomenon,

then, in analogy with the collisional problem, the canonical energy parameter

becoir  )(w and the time scale associated with the transition corresponds to

T .lence, the standard condition for adiabaticity, and, consequently, a low
e

tra,- i.ion rate, is given by

WT >> 1, (20)
e

a condition that is fulfilled at ultraviolet wavelenqths with T e 10- 1 5 sec.e

IV. Summary

The energy spectra of electrons generated by collision-free multiphoton

ionization of Xe, Kr, Ar, and Ne exposed to picosecond 193 nm radiation have

been studied up to an intensity of "u 1015 W/cm2. In addition to the appearance

of th," lowest order ionization lines, all spectra exhibit above threshold

ionization (ATI) transitions, although with considerably lower intensity. The

prob.,i;,lities of ionization and the branching into specific final ion states

". " . . . . . . . -. - . -. . - - . .,• . . - . . . -. . . . - • .
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appear sensitive to the presence of near-resonances with excited atomic states.

The rapid decrease in the electron line intensity with increasing nonlinear

order N of the process, in comparison to corresponding spectra obtained at

visible and infrared wavelengths, is qualitatively in agreement with calculations ,

of the transition probability which take into account certain features of the

interaction including the temporal laser pulse shape and saturation. No shift

of the measured electron spectral features could be unambiguously attributed!['1 :

to the dynamic stark effect or the influence of the ponderomotive force.

Furthermore, the influence of excited ionic eonfigurations, multiply excited

valence shell levels, or inner-shell excited states on the observed intensity

patterns of ATI-lines appears to be negligible.

In the formation of higher charged ions, the data indicate that the

se'irn tial liberation of electrons is the dominant process governing the

interaction over the range of physical parameters studied. This characteristic

of the process is most evident in the electron spectra exhibited by xenon. In

thi.; case, the appearance of overlapping ATI-la'dder series shows that the

sequential mechanism is the main process leading-to the formation of Xe2 +

3+andXe

The closing of specific low energy channels due to the influence of the

ponderomotive potential has also been observed and the intensities at which

these channels are suppressed conform qualitatively to that predicted

theoretically. It seems possible, that in properly conducted experiments,

that this effect could be used to measure the maximum intensity occurring in

the focal volwue.

An examination of the competition between mechanisms of direct multiple

ionization afid sequential ionization leads to the conclusion that, given the

ranqe of physical conditions studied, all experiments conducted so far are

,* .......-.................... ......- -.. . ... ..
_ : _ , 2 _._2 " " J I . 2 , ". ,2 " . " " - ' " " " . " .'" . " - "-., "-
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expected to strongly favor ionization by the sequential process. Comversely,

enhancement of the direct process way occur in a physical regime for whidc

the emission of electrons in-low energy channels is sufficiently retarded by

the influence of the ponderomotive potential. The conditions necessary to

examine this situation can be experimentally realized by modern ultraviolet

sources operating in the sub-picosecond region.

The two-photon line for Xe, the'lowest order ionization process for that

material at 193 nm, is located energetically adjacent to the autoionizing

Rydberg series which converges to the 5s 2 52s Sp P excited ion state. This
1/2

feature is observed to split into a well resolved doublet at laser intensities

10 -12 2
between 10 - 10 W/cm2 . This observation has been tentatively interpreted

as arising from the Autler-Townes effect.
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TABLE I. Rlative ion charge state abundance for XA, Kr, and Ar obtained

in an ion time-of-flight experiment 3 ' 4 under conditions comparable

to the present electron data. Based on this distribution, the

expected relative electron production rate in purely sequential

or direct processes, respectively, are given.

RErATTVE ION CHARGE STATE
ELDENr1 ABUNDANCE 1+ 2+ 3+ 4+ 5+ 6+

Xenon. ions 49 .31 17 2.6 1.1 0.27

electrons 56 29 12 2.2 0.8 0.15
sequential

electrons 27 35 28 5.8 3 1
direct

Kryptoa ions 82 14 3.3 0.3

electrons 82.3 14.5 2.7 0.25
sequential

electrons 68 23 8.2 1
direct

Argon ions 91 9

electrons 92 8
sequential

electrons 84 16
direct
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TA=Z xIl.b. Important multiphoton channels of ionization in the production of

krypton charge states by the sequential mechanism. Listed quantities

are represented similarly to those in TABLE III.a.

cow PROCES P eV) N."

2 61 1+ 2 520 Y
a Kr 4s 4p S0 + 3y,4y,5y,6y . Kr 4s 4p P32 + e- -.5.24,: 11.65. 18.06,V :24.-A7. ..ri

b r+ 112 4p52 P0 + 4y,5y -P.K X+42 4 3P +e2
3/22

C 4y,5y 3 P + e- :.0.52,. 6.93

d 4y,5y 3P0 + e- :.- 43, (.84

2+ 2 41 56
e 5y Xr 4s24p4D + e- .5.67 "

f 5Y *S + e 338-
0

g Kr2 + A p 4-3P + 6y,7y 3+ 4s 24p 340S 0 ;.57;798
2 3/2 + e

h P + 6y,7y + e 1.01,-7;42h1

3P0 + 6Y,7Y + e .0.92,.7.33

D + 6y,7y + e .. 6.16, 12.57
2

k + 6Y,7Y + e ..3.88, 10.29
0

TABLE III.c. Important multiphoton channels of ionization in the production of argon

charge states by the sequential mechanism. Listed quantities are repre- .

sented similarly to those in TABLE III.b.

CODE P14OC ;, ELEC'TRON ENEWY (eV).

a~ AT 3 3610 +13,75 77 r +  2 .52,0 ,- -K Ax 3: 61 3s 3p 1?32+ e 3.48,.9.89,.16.30, 22;71,29,12

-+ 2l52_0" + 3 2 3-
b Ar+ 3 3p + SY,6Y,7Y -~ 93,P +e-44,1.5 72

c 5Y,. 3 + e- .4.30, 10.71, 17.12

d 5",6Y,7y +.. e 4.25, 10.66, 17.07

• - .- . . • -1. .-

e 5Y,6Y,7YD + e -2.70, 9.11, 15.52

f5Y,6Y,7Y S + *e 0.31,.6.72&V 13.13
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FIGURE OkPTIONS

Fig. 1- Schmatic diaqrm of the electron time-of-flight spectrometer.
Also shown are the z-dependence of the magnetic field on the z-axis

and the magnetic field configuration with a helical path of an

electron moving from the high field interaction region to the low

field region at the detector.

i',q. 2: a) Calculated form of the time-of-flight electron distribution for

2onoenergetic electrons. An anisotropic cos 6 distribution for

the emission angle 0 relative to the z-axis is assumed. For 10 ev0

electrons, 90% arrive at the detector with a time difference of

AT/T - 1.8% corresponding to AE = 380 neV. Fetarded to 1 eV in

the,. drift tube, the figures are AT/T - 0.8% and AE 17 mev.

b) Measured linewidth of the three photon absorption line (5.24 ev)

in Kr at an intensity of ". 5 x 10 W/cm2
, leaving the ion in the

2 o
P3/2 ground state. The dependence on-the retarding voltage and

gas-. pressure is shown. The change in energy resolution and the

igflueno-. of space charge effects are evident.

Fig. 3- Typical electron time-of-flight (TG 1 spectra for. Xe, Kr, kr, and Ne:

irradiated with a 193 nm laser pulse of u 5 psec duration. The line

identification is given in the schematic energy level diagrams showing

relevant energy levels, multiphoton transition (single arrows) and

electron emission lines (double arrows). Excited neutral and ionic

configurations are indicated by the boxes below the ioniation limits.

Background lines are labeled are BG. The "prompt' line generated

by scattered 193 rm radiation impinging directly on the channel

plate is follwed by a group of photoelectrons produced on the

accelerating grid placed in front of the detector. The experimental

- J -
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parameters associated with these spectra are listed in Table I. The

inset in the 7W TC spectrum was taken with a retarding voltage

of -- . The intensity of th e line at " 3.3 e W is underestimated in I L

thi, recording.%

Fig. 4: Las- intensity dependence of the Xe TCF electron spectrum recorded

at 1,,w energy resolution (no retardation). The electron energy range

sptiued is between % 0.3 eV and n 100 ev.

Fig. 5: Higqh resolution Xe-electron energy spectrum recorded at a 193 -
" iosw/ 2 -7.

lai;iir intensity of " 10 5/,m2and a gas pressure of m 4 x 10- Torr.

Thc %nergy scale has been calibrated at low laser energy, where the

lines are unshifted (see text). The identification of the lines

w ;their respective above threshold ladder series is shown on top

of tie spectrum. The letter labeling refers to the specific

se,-.-.ntial processes listed in Table III.a to which the main component

of Lte observed line is attributed. The associated number indicates

ti Imber of the photons absorbed.

I.

Fig. 6: S -'.ting of the two photon 0.7 EV electroh emission line observed in

xv. as a function of increasing 193 nm intensity at a gas pressure

o! ,10 Torr. Only the 10 nsec 7;E component of the 193 nm laser

i,. was used for excitation.

•.~. *. ...• ° .. "° °°I -•-• . ° .. .. .
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